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Thesis Scope 
 
The aim of the work presented in this thesis comprises the synthesis of hybrid 
nanostructured composites based on carbon nanotubes (CNTs), as well as the study of 
their electrical, magnetic, mechanical and electro-mechanical properties. CNTs and 
assemblies of nanotubes such as CNT networks and CNT fibers are used as templates 
due to their excellent intrinsic structure-dependent properties. The functionalization of 
CNT supports with different kinds of nanomaterials gives additional properties to the 
hybrid CNT composites making possible their use in a wide range of applications. 
So, we can divide this work in four main parts: 
Chapter 2 focuses on the synthesis of nanostructured materials of CNTs doped with 
platinum nanoparticles coated with a homogeneous silica shell and the study of the 
nanoparticle sintering process at higher temperatures. The nanoparticle sintering 
responds to an Ostwald ripening mechanism in a confined cylindrical nano-space of the 
encapsulated composites. 
Chapter 3 covers the tuning of the electron transport in CNT films through the number 
of polyelectrolyte (PE) layers deposited onto the CNTs surface. The combination of the 
non-covalent CNT polymer wrapping and the Layer-by-Layer self-assembly are suitable 
techniques to get control over the number of PE-layers deposited onto the CNTs 
surface. CNT networks are ideal because of their easier manipulation allowing as well 
the tuning of the electric properties and thermoelectric power. Therefore, these CNT 
films are suitable for the fabrication of CNT plastic transistors where the polymer 
coating can act as a dielectric gate.  
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Chapter 4 describes the synthetic strategies of magnetic CNT films, pointing out the 
control of the electronic transport in the nanotube network by the magnetic material. 
Herein, CNTs are extra functionalized with catalytic NPs which play a crucial role in 
the formation of magnetic material. These hybrid CNT films combine electric and 
magnetic properties making them interesting for storage data applications. So, 
conductivity, Seebeck effect and magnetoresistance are used as sensitive tools to assess 
the transport phenomena in these networks. 
Chapter 5 comprises the use of oxidized CNTs as scaffolds for the nucleation of 
hydroxyapatite. Due to their unique structure-dependent mechanical properties, their 
high aspect ratio, high strength similar to collagen fibrils, CNTs are promising 
candidates as reinforcing material for bone tissue engineering. The biomineralization 
process on the CNTs is studied with two simulated fluids demonstrating the role of 
CNTs in the growth orientation of Ca-P crystals. 
Chapter 6 describes the synthesis and characterization of carbon nanotube-based 
electromechanical micro-actuators. The elongation or contraction of SWNTs occurs in 
response to a double-layer charge injection at the nanotube surface. The different 
functionalization of the CNT fibers provides improvements of actuator properties 
regarding the stress relaxation of the investigated materials. 
  
 
  
  
  
Chapter 1 
 
 
 
 
General Introduction 
 
1.1  Carbon Nanotubes 
The remarkable structure-dependent electronic, mechanical, optical, and magnetic 
properties of carbon nanotubes (CNTs) have triggered intensive study directed towards 
numerous applications in many different fields. To this end, CNTs are expected to be 
controllably assembled into designed architectures as integral components of 
composites and/or supramolecular structures. Many of their future applications are 
highly dependent on the control of both, their intrinsic electronic properties and the 
transport properties on nanotube assemblies, such as on CNT networks. 
1.1.1  Discovery of CNTs 
Carbon nanotubes have been produced and observed under a variety of conditions prior 
to 1991. Oberlin, Endo, and Koyama reported in 1976 the synthesis of hollow carbon 
fibers with nanometer-scale diameters using a vapor-growth technique.
[1]
 They also 
showed a transmission electron microscope (TEM) image of a nanotube consisting of a 
single wall of graphene which Endo later referred to this image as a single-walled 
nanotube. However, it was not until no until 1991 after  Iijima’s[2] report showing the 
structure of the CNTs  using a TEM, that they attract the interest of the scientific 
community.(Figure 1.1). The reported species are known nowadays as multi-walled 
carbon nanotubes (MWNTs). Two years later, Iijima and Ichihashi
[3]
 described the 
production of tubes composed by only one graphitic sheet, known as single-walled 
carbon nanotubes (SWNTs). At the same time, Bethune and coworkers
[4]
 also found 
6 | C h a p t e r  1  
SWNTs by introducing some catalysts such as Fe and Co in the production of CNTs by 
arc-discharge method. 
 
 
Figure 1.1. Transmission Electron micrographs of MWNTs. The parallel dark lines correspond to the 
(002) lattice image of graphite. The tubes consist of (a) 5 layers (b) 2 layers (c) 7 layers. (Reproduced 
from reference number 2). 
 
Hence, CNTs can be defined as graphene sheets rolled around a hollow cylinder.  It is 
possible to differentiate between single wall carbon nanotubes (SWNTs), or multiwall 
carbon nanotubes (MWNTs). SWNTs are composed by one graphene shell rolled up 
into concentric cylinder, while MWNTs consist on multiple rolled layers of graphene 
with an interlayer distance around 3.4 Å (Figure 1.2). Nanotubes generally have a large 
length-to-diameter ratio (aspect ratio) of about 10
4
 – 105, so they can be considered as 
nearly one-dimensional structures
[5]
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Figure 1.2. Representation of SWNTs and MWNTs composed by one or several concentric graphene 
layers  
 
1.1.2  Structure of Carbon Nanotubes 
As it was mentioned before, a carbon nanotube is a cylindrically rolled graphene sheet 
with dominant sp
2
 hybridization.
[6]
 Its atomic structure can be defined by the 
honeycomb lattice vectors a1 and a2, with n and m as integer numbers. The chiral vector 
Ch is defined as a linear combination of the honeycomb lattice vectors:  
 
Ch = na1 + ma2 (0 ≤ |m| ≤ |n|) [Eq. 1.1] 
 
The relationship of Ch to the circumference is evident in Figure 1.3, which shows a 
graphene sheet and the outline OAB’B of a nanotube unit cell.  
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Figure 1.3. The vector, OA is the chiral vector; Ch for a (4, 2) tubule. The vector, OB is the translational 
vector; T orthogonal to Ch, θ is the chiral angle for (4, 2) tubule and OBB’A is the unit cell of (4, 2) 
tubule.
[5]
  (Reproduced from reference number 6). 
The combination, (n, m) of these integers determines the type of carbon nanotube: non-
chiral or chiral. When n ≠ m ≠ 0, the tube is chiral, otherwise is non-chiral. Non-chiral 
tubes, i.e, Zigzag tubes refer to (n, 0) and armchair tubes to (n, n) with n = m. The 
wrapping angle gives us also information related to the nanotube structure. So, θ = 30 
degrees refers to armchair tubes, when θ = 0 degrees refers to zig-zag tubes and in the 
case of chiral tubes the angle θ varies from 0 to 30 degrees. (Figure 1.4) In summary the 
type of nanotubes can be divided in: 
- Arm chair tubes (n, n) and θ= 30 degrees 
 
- Zig-zag tubes (n, 0) and θ= 0 degrees 
 
- Chiral tubes (n, m) and 0<θ<30 degrees 
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Figure 1.4. Molecular models of SWNTs exhibiting different chiralities: (a) armchair configuration, (b) 
zigzag arrangements and (c) chiral conformation. nanotubes depending on the (n, m) parameters. 
(Reproduced from reference number 10). 
The diameter of an ideal nanotube can be calculated from its (n, m) indices as follows:
[7]
  
   
  √         
 
 
[Eq. 1.2] 
where a = 1.42 x √  Å corresponds to the lattice constant in the graphite sheet (0.142 
nm).  
The chiral angle between Ch and the zigzag direction is defined as:
[8]
  
       ⌈
√ 
    
⌉                                                    
 
CNTs can be metallic or semiconducting depending on the (n, m) parameters.
[9]
 All 
arm-chair SWNTs have metallic behavior (n - m= 3k) being k a zero-integer. In the case 
of zig-zag and chiral SWNTs can be either metallic or semiconducting or (in which k is 
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a nonzero integer). When (n - m) is a multiple of 3 nanotubes exhibit a metallic behavior 
while CNTs are semiconducting when (n - m) is not multiple of 3. (See figure 1.5).  
 
 
Figure 1.5. Graphene sheet (courtesy of M.S. Dresselhaus). There are several ways to roll it over and, 
therefore, different types of tubules can be formed. This vector convention is used to define each point on 
the lattice. Unitary vectors a1 and a2 are necessary to determine the rolling direction expressed by vector 
Ch. Note that all armchair tubes are metallic, as well as tubes with indices (m-n =3). 
 
The unique electronic properties of CNTs are caused by the electron mobility confined 
to one direction.
[10]
 This one dimension quantum conduction is represented by the sharp 
peaks intenstities in the densities of states (DOS).
[11]
 These peaks are called van Hove 
Singularities (vHs) and reveal information about the metalic or semiconducting 
behavior presented by CNTs. The density of states are composed by the occupied 
electronic states in the valance band (at lower Energies) , the Fermi level and the empty 
states in the conduction band (at higher Energies). In the case of armchair nanotubes 
there is no gap between the valence and the conduction band observing a metallic 
behavior. While some zig-zag tubes have a finite gap (EF =0) corresponding to 
semiconducting nanotubes.  
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Figure 1.6.  Density of states (DOS) exhibiting the valence (negative values), the conduction band 
(positive values) and the Fermi energy (EF; centered at 0 eV) for (a) a metallic armchair (5,5) tube, which 
shows electronic states at the EF (characteristic of a metal); (b) a zigzag tube revealing semiconducting 
behavior caused by the energy gap located between the valence and conduction band (characteristic of 
semiconductors). (Reproduced from reference number 12).  
Additionally, the electrical properties of the nanotubes can be manipulated by using 
current-induced oxidation to break down systematically the outermost shells, in a layer-
by-layer fashion. Moreover, the nanotube energy-band structure can be manipulated 
through both, doping or introducing defects or distortions
[12]
 in their structure. 
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1.1.3 Synthesis of Carbon Nanotubes 
The synthesis of CNTs can be carried out by arc-discharged, laser ablation and chemical 
vapour deposition (CVD).  
Arc-discharged  
Arc discharge was the first recognized method for producing both SWCNTs and 
MWCNTs, and has been optimized at large scale. The method is similar to the 
Kratschmer–Huffman method of generating fullerenes and the procedure to make 
carbon whiskers developed by Roger Bacon over 30 years ago.
[13]
 (Figure 1.7).An 
electric arc is produced between two graphite electrodes in a gas atmosphere (He or Ar) 
at a pressure of 100 to 1000 torr, low voltage and high temperatures making possible the 
sublimation of the carbon contained in the negative electrode. Ijima produced the first 
MWNTs by this method
[2]
 obtaining nanotubes on the cathode along with fullerenes. 
Ijima and Bethune reported first the production of SWNTs 
[3,4]
 founding necessary the 
use of a metal catalyst in the anode for their formation. There are different variations 
one can make to tailor the arc discharge process. By tailoring the Ar:He gas ratio, the 
diameter of the SWCNTs formed can be controlled, leading to smaller diameters when 
greater Ar is used.
[14]
 The anode–cathode distance can be changed to vary the strength 
of the plasma formed in between. Morever, the overall gas pressure has been shown to 
affect the weight percent yield of SWCNTs.
[15]
 In general, the nanotubes produced by 
this synthesis method are up to 50 microns in length and have few structural defects, 
although need extensive purification before use, with a yield up to 30% by weight. 
  
 
Figure 1.7. Scheme of the synthesis of CNTs by arc-discharge method 
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Laser Ablation 
In the laser ablation process, a pulse laser vaporizes graphite rods in a high-temperature 
reactor while an inert gas (Ar or He) is bled into the chamber producing the collection 
of nanotubes via condensation on a cold finger. By using this technique it is possible to 
synthesize both SWNTs and MWNTs.
[16]
 The first large-scale production of SWNTs 
was achieved by Smalley and coworkers by adding small amounts of Ni and Co to the 
graphite rods.
[17]
 These metal particles catalyze the growth of SWNTs in the plasma 
plume, but many by-products are formed at the same time. These by-products are 
graphitic and amorphous carbon, “bucky onions” (concentric fulleriod spheres) 
surrounding metal catalyst particles and small fullerenes. The yield obtained varies from 
20 to 80% of SWNTs by weight and the diameter is roughly between 1 and 1.6 nm. 
 
 
Figure 1.8. Scheme of a Laser Ablation furnace for the synthesis of MWNTs and SWNTs. 
 
Chemical Vapor Deposition (CVD) 
This technique allows the growth control of nanotubes on a substrate and their synthesis 
at large scale. Basically, a mixture of hydrocarbon gas, acetylene, methane are 
introduced inside the reaction chamber at high temperatures (700 - 900ºC) producing 
the decomposition of the hydrocarbon on the substrates. (Figure 1.9). Endo et al. were 
the first to report the production of MWNTs.
[18]
 In 1996, the synthesis of SWNTs was 
achieved by the use of metal nanoparticles.
[19]
 The CVD process encompasses a wide 
range of synthesis techniques, from the gram-quantity bulk formation of nanotube 
material to the formation of individual aligned SWCNTs on SiO2 substrates for use in 
electronics. CVD can also produce aligned vertical MWCNTs that can be used as high-
performance field emitters.
[20]
 The main advantage of the CVD is related to the high 
atomic quality and high percent yield obtained in the production of SWNTs compared 
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to other methods. Also, it is possible to obtain nanotubes at much lower temperatures 
and the final product can be completely free of amorphous carbon.  
 
 
Figure 1.9. Scheme for the synthesis of CNTs by Chemical Vapor Deposition.  
 
 
In summary, the arcdischarge and laser ablation methods are well established in 
producing high-quality and nearly perfect nanotube structures. But, due to their scale-up 
limitations the production cost is too hight hence limiting its access. During the 
synthesis process, impurities in the form of catalyst particles, amorphous carbon and 
non-tubular fullerenes are also produced. Thus, subsequent purification steps are 
required to separate the tubes. The gas-phase catalytic growth with carbon monoxide as 
the carbon source yielded in quantity high-purity single walled nanotubes at the highest 
accessible temperature and pressure (1200ºC, 10atm). However, this method is not 
economically practical due to high temperature and pressure of the synthesis conditions. 
The CVD process produced nanotubes with fewer impurities and was more amenable to 
large-scale processing. Therefore, the CVD method has the highest potential to produce 
a large quantity and high purity of CNTs. 
 
 
1.1.4  Functionalization of Carbon Nanotubes 
Functionalization of CNTs remains one of the most studied areas in the nanotube 
research field. The main approaches developed for the CNT functionalization include 
the covalent defect-site functionalization, covalent functionalization of the sidewalls, 
non-covalent exohedral functionalization, and endohedral functionalization (Figure 
1.10). 
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Figure 1.10. Functionalization possibilities for SWNTs: (A) defect-group functionalization, (B) covalent 
sidewall functionalization, (C) non-covalent exohedral functionalization with surfactants, (D) non-
covalent exohedral functionalization with polymers, and (E) endohedral functionalization with, for 
example, C60 . For methods (B – E), the tubes are drawn in idealized fashion, but defects are found in 
real situations. (Reproduced form reference number 21) 
[21]
 
 
 
Defect-site functionalization 
Defect-site chemistry exploits the intrinsic defect sites existing both at the ends and on 
the sidewalls of CNTs, as a result of the synthetic process. The purification process of 
CNTs commonly involves the use of strong acids like HNO3 to remove the catalytic 
particles necessary for the synthesis and generating such intrinsic defects due to their 
highly oxidative action. So, the original CNTs with closed tips are transformed into 
shorter  with opened ends that display carboxylic  or alcohol groups 
[22–27]
 in the regions 
where the oxidative damage takes place (sidewall and opened ends).
[23,24,27]
  Defects in 
CNTs are important in the covalent chemistry of the tubes because they can either serve 
as anchor groups for further functionalization with particles, molecular moieties (such 
QDs) or the covalent attachment of further groups (amines, polymers and dendrimers 
with terminal amino or hydroxy groups were coupled) to activated tubes to give amides 
or esters.
[28–32]
 Covalent functionalization is an efficient method for increasing their 
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solubility and chemical reactivity.
[33]
 However, it also introduces additional structural 
defects disrupting the delocalized electron system in the CNTs sidewalls, and 
consequently alters the electrical and mechanical properties to a degree that would 
significantly affect the performance of in hybrid materials.
[34]
  
 
Figure 1.11. Typical defects in CNTs (A) five or seven-membered rings, (B) sp
3
 hybridized defects (R= 
H or OH), (C) carboxylic groups produced under oxidative conditions and (D) open-end of CNT 
terminated with COOH groups. (Reproduced from reference number 21).  
Covalent side-wall functionalization 
The curved morphology of CNTs plays an important role in their reactivity. The 
sidewall is built of a graphene sheet rolled on itself, which implies that the sp
2
 carbon 
atoms present a certain degree of pyramidalization, which makes the convex surface 
susceptible to addition reactions. This pyramidalization character is stronger for small 
diameter tubes which consequently are more reactive. This agrees with the fact that 
fullerenes have a higher surface reactivity (which depends strongly on their curvature) 
compared to SWNTs which have no strongly curved regions that could serve for direct 
additions (SWNT diameter = 1-2 nm larger that fullerene diameter). The side-wall 
functionalization is needed in order to get well dispersed SWNTs solutions avoiding 
their aggregation into bundles. Such functionalization can be successful when highly 
reagents are used.
[35,36]
 Some of the usual routes reported for functionalization are 
fluorination, 
[37,38]
 ozonolysis,
[39]
  osmylation,
[35]
  or organic functionalization.
[36,40,41]
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Non-Covalent Functionalization 
The dispersion of CNTs in aqueous solution is possible by using the non-covalent 
functionalization with surface active molecules as sodium dodecylsulfate (SDS)
[42–44]
 or 
by wrapping them with polymers
[45,46]
. (Figura 1.12) In the first case, the surfactant is 
physically adsorbed on the CNT surface by π-π stacking or hydrophobic interactions 
lowering the surface tension of CNTs and preventing the aggregation of CNTs while the 
polymer wrapping is an association of the polymers with the sides of the CNTs, based 
on the hydrophobic thermodynamic preference of CNT-polymer interactions compared 
to CNT-water interactions, thereby suppressing the hydrophobic surface of the CNTs. 
 
Figure 1.12. Possible wrapping arrangements of PVP on a SWNT. A double helix (top) and a triple helix 
(middle). (Reproduced from reference number 45). 
The CNT polymer wrapping can be combined with a Layer-by-Layer technique in order 
to obtain hybrid nanostructures.  The LbL technique was firstly reported in 1997 by G. 
Decher consisting on the sequential adsorption of opposite charged polyelectrolytes on a 
charged substrate.
[47]
 This protocol allows the adsorption of positive and negative 
polyelectrolytes (usually PAH and PSS) onto the surface of carbon nanotubes via 
electrostatic interactions for their further functionalization.
[48]
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Figure 1.13. Representation of the polymer wrapping, followed by LbL assembly, leading to compact 
monolayers of Au@SiO2 nanoparticles on MWNTs. (Reproduced from reference number 48).  
Non-covalent interactions provide a way to functionalize CNTs without any damage of 
the electronic structure of the CNTs sidewalls (sp
2
 hybridization) and therefore not 
affecting the final structural dependent properties of the material. Additionally, this 
approach improves at the same time the dispersion of the nanotubes in polar solvents. 
 
Endohedral Functionalization 
The fascinating geometry of CNTs provides the possibility to decorate them by different 
exohedral approaches as well as by endohedral filling of their inner cavities. In the latter 
case, the inner cavity of SWNTs offers space for the storage of guest molecules (See 
Figure 1.10 (e)). Gold and platinum nanothreads have been successfully inserted into 
the cavity of the CNTs, by treating the SWNTs with the corresponding 
perchlorometallic acids at high temperatures. The incorporation of fullerenes such as 
C60
[49,50]
 or metallofullerenes such as Sm@C82
[51]
 are especially impressive examples 
of the endohedral chemistry of SWNTs. This incorporation is executed at defect sites 
localized especially at the ends of the SWNTs resulting in holes big enough for the 
penetration of fullerenes into the interior of the tubes.
[52,53]
 These types of arrays are 
called ‘bucky peapods’. Upon annealing, the encapsulated fullerenes coalesce in the 
interior of the SWNTs, which results in new, concentric, endohedral tubes. The progress 
of such reactions inside the tubes can be monitored in real time by use of high-
resolution electron microscopy.
[51]
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1.2 Electrical properties  
1.2.1  Ohm´s law 
The relationship between the voltage and the electric current which flows through a 
device is given by the Ohm’s law: 
 
   
 
 
                                     
 
where I is the current (in amperes, A), V is the voltage (in volts, V) and R is the 
electrical resistance (in ohms, Ω). 
If the resistance is constant over a considerable range of voltage, then Ohm’s law can be 
used to predict the behavior of the material. In this case the I-V curves are linear and 
there is an ohmic behavior. However, there are some circuits which do not obey the 
Ohm’s  law having a ‘non-ohmic’ behavior with a relationship between the current and 
voltage (I-V curves) non-linear. For example, diodes and batteries have a non-ohmic 
behavior. (Figure 1.14). 
 
 
Figure 1.14. I-V curves of four devices: Two resistors, a diode, and a battery. The two resistors follow 
Ohm's law: The plot is a straight line through the origin. The other two devices do not follow Ohm's law.  
 
Whether or not a material obeys Ohm's law, its resistance can be described in terms of 
its bulk. The resistivity, and thus the resistance, is temperature dependent. 
The electrical resistivity quantifies how strongly a given material opposes to the flow of 
electric current. The resistivity (ρ, in Ω.m) is given by: 
    
 
 
                                            
where R is the electrical resistance (in Ohms, Ω) , l is the length of the piece of material 
(in meters, m) and A is the cross-sectional area of the material (in squared meters, m
2
). 
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The electrical conductivity is defined as the inversed of the resistivity and measures the 
ability of the material to conduct an electric current: 
   
 
 
                                       
where σ is the conductivity (in Ω-1.m-1 or S.m-1) and ρ is the electrical resistivity (in Ω). 
 
1.2.2  Electronic Band structure 
In the solid state physics, the electronic band structure is normally introduced to classify 
the materials into insulators, conductors or semiconductors. The band gap is the energy 
rate between the valence and the conduction band. The conduction band corresponds to 
the electron energy range where electrons can move freely within the atomic lattice of 
the material, which is also called delocalized electrons. The conduction band is the first 
unfilled energy level at absolute zero temperature. The valence band corresponds to the 
highest range electrons energies where electrons are normally present at absolute zero 
temperature. 
 
 
 
Figure 1.15. Representation of the electronic band structure of insulators, semiconductors and conductors 
depending on the energy of the Fermi level (EF). 
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Insulators 
Insulator materials present a Fermi level set between the valence and the conduction 
band, in forbidden region where electrons cannot exist. Thus, all electrons in the lattice 
are in the valence band or band under that. To get to the conduction band, the electron 
has to gain enough energy to jump the band gap. However, the band gap in these 
materials is large and only few electrons can jump so, the current does not flow easily. 
Conductors 
In conductors like metals the valence band overlaps the conduction band and the Fermi 
energy is somewhere inside. Therefore, metals always have electrons that can move 
freely and always conduct. 
Semiconductors 
The Fermi level in semiconductors is between the valence and conduction band. The 
band gap presented by these materials is smaller and electrons can be easily excited to 
the conduction band by applying thermal energy. Therefore, an electron from the 
valence band can be excited to the conduction band leaving a hole in the valence band. 
This hole represents a positive charge, as it is the lack of the electron. It is worth to 
point out that both the electrons in the conduction band and holes in the valence band 
contribute to the electrical conductivity. Furthermore, the presence of dopant materials 
can increase the conductivity dramatically. Thus, semiconductors can be divided in 
intrinsic and extrinsic semiconductors. 
 
i. Intrinsic semiconductors also called undoped semiconductors are pure 
semiconductors without any significant dopant species. The number of charge carriers 
determines the electrical properties of the material. These materials present an equal 
number of electrons (n) and holes (p) (n=p). 
 
ii. Extrinsic semiconductors are semiconductors doped with substances that alter 
their electrical properties. The dominant charge carriers in extrinsic semiconductors 
classify these materials as N-type or P-type semiconductors. Extrinsic semiconductors 
are components of many common electrical devices. 
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1.2.3  N-type and P-type semiconductors 
The majority charge carriers presented by N-type semiconductors are electrons (n) and 
can be created by doping an intrinsic semiconductor with donor impurities. The Fermi 
energy level of N-type semiconductors is closer to the conduction band and it is greater 
than the Fermi energy level of intrinsic semiconductors.  
In P-type semiconductors, the majority carriers are holes. P-type semiconductors can be 
created by doping an intrinsic semiconductor with acceptor impurities. The Fermi 
energy level showing by these materials is close to the valence band. P-type 
semiconductors have a Fermi energy level below the Fermi level of intrinsic 
semiconductors.  
 
Figure 1.16. Representation of the energy bands in N and P type semiconductors. (left) In N-type 
semiconductors, the electrons are near the top to the conduction band and can be easily excited to the 
conduction band. (right) In P-type semiconductors, extra holes in the band gap allow the excitation of 
valence band electrons, leaving mobile holes in the valence band. 
 
1.2.4  Thermoelectric power or Seebeck effect 
Seebeck effect relies on the conversion of temperature differences into a voltage. 
Usually is called thermoelectric power. At the atomic scale, an applied temperature 
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gradient causes charge carriers in the material to diffuse from the hot side to the cold 
side. Therefore, the Seebeck effect can be defined as: 
 
   
  
  
                                
 
The information obtained from the thermoelectric power is related to the energy bands 
around the Fermi level. The Seebeck coefficient can be either positive or negative. A 
positive seebeck coefficient corresponds to a P-type semiconductor in which there are a 
dominant contribution of hole carriers while negative Seebeck coefficient is related to a 
N-type semiconductors in which the majority of charge carriers are electrons. 
 
1.2.5 Electrochemistry 
Electrochemistry studies the chemical reactions that can take place in solution at the 
interface of an electrode and an electrolyte (ionic conductor). These reactions involve 
the electron transfer between the electrode and the electrolyte. 
There are two types of process, which can occur at the electrodes. On one hand, 
reactions can be carried out by an electron transfer (oxidation or reduction) across the 
metal-solution interface. These reactions are called faradaic process because they are 
governed by Farday’s law. Therefore, the amount of chemical reaction caused by the 
flow of current is proportional to the amount of electricity passed. However, under 
certain conditions a given electrode-solution interface will show a range of potentials 
where no charge-reactions take place. In this conditions adsorption and desorption 
process can be produced, which can be modified depending on the potential and the 
solution used. These processes are called non-faradaic process.  
By focusing on non-faradaic process it is important to explain the roles that play the 
capacitance and the electrical double layer in the electric properties. 
Capacitance 
The capacitance is the ability of a body to store electrical charge. The behavior of the 
electrode-solution interface is analogous of that a capacitor, which is an electrical circuit 
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composed by two metal sheets separated by a dielectric material. The behavior of a 
capacitor is given by: 
   
 
 
                             
where q is the charge stored on the capacitor (in coulombs, C) and V is the potential 
across the capacitor (in volts, V) and C is the capacitance (in farads, F). The charge on 
the capacitor consists of an excess of electrons on one plate and a deficiency of 
electrons on the other plate. At a given voltage there will exist a charge on the metal 
electrode and a charge in the solution. The charge of the metal can be positive or 
negative respect to the solution as a function of the potential across the interface and the 
composition of the solution (figure 1.17). 
 
Figure 1.17. The metal-solution interface as a capacitor with a charge on the metal (a) negative and (b) 
positive. 
Electrical Double Layer 
The electrical double layer (EDL) is a structure that describes the variation of the 
electric potential near a surface. With an electrode, it is possible to regulate the surface 
charge by applying an external electric potential.  
The solution side of the double layer is up to several layers. The layer closer to the 
electrode which is called inner layer contains adsorbed solvent molecules and another 
species such as ions. This inner layer is called Helmholtz or Stern layer. Some anions 
are specifically adsorbed at a distance x1 forming the inner Helmholtz plane (IHP) by 
chemical and electrostatic interaction while solvated ions can approach the metal only to 
a distance x2 (outer Helmholtz plane, OHP). Finally, some non-specifically adsorbed 
ions are distributed in a zone called diffuse layer. (Figure 1.18). 
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Figure 1.18. Representation of the electrical double layer zone of a negatively charged interface. 
(Reproduced from Jingjie Wu,, Frank G. Risalvato, Fu-Sheng Ke, P. J. Pellechia, and Xiao-Dong Zhou 
Journal of The Electrochemical Society, 159 (7) F353-F359 (2012). 
 
1.2.5  Electrical properties of CNTs  
Because of the nearly one-dimensional electronic structure, electronic transport in 
metallic SWNTs and MWNTs occurs ballistically (without scattering) over long 
nanotube lengths, enabling them to carry high currents with essentially no heating.
[54,55]
 
Therefore, the resistance is independent of the nanotube length. Phonons also propagate 
easily along the nanotube: The measured room temperature thermal conductivity for an 
individual MWNT (3000 W/mK)
[56]
 is greater than that of natural diamond and the 
basal plane of graphite (both 2000 W/mK).
[57]
 The current-carrying capacity of metallic 
CNTs can be 1000 times higher than the shown by copper.
[58]
  
CNTs porous arrays can be applied for supercapacitor applications due to their high 
electrochemically surface area combined with their high electronic conductivity. The 
charge injection in the CNT arrays is used for energy storage in supercapacitors.
[59,60]
 
CNTs can be also used as electrodes in lithium batteries
[61]
 because of the high 
reversible component of storage capacity at high discharge rates. Another potential 
applications based on CNTs comprises their use for hydrogen storage as fuel cells,
[62]
 
for CNT-field effect transistors (CNT-FETs),
[63]
 and biosensors.
[64]
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1.3  Mechanical Properties  
In order to understand the electromechanical properties of CNT-fibers studied in chapter 
6 basic concepts such as the stress, strain, stress-strain behavior are following defined. 
1.3.1.  Stress and Strain 
The stress can be defined by the ratio of force (in Newton, N) to the cross sectional area 
(in squared meters, m
2
): 
    
 
 
                                            
The strain is the deformation of a specimen to its original length: 
   
  
 
(     )                             
where Δl is the change in length and l is the original length.  
 
1.3.2  Stress-strain curves. Elastic and plastic deformation 
The stress-strain curve represents the relation between the stress, derived from 
measuring the load applied on the sample, and deformation of the sample such as 
elongation, compression or distortion. The slope of the stress-strain curve at any point is 
called tangent modulus. The tangent modulus of the initial, linear portion of a stress-
strain curve is called Young’s modulus. This relation, generally known as Hook’s law 
can be defined as: 
                                             
where E is the Young’s modulus or elastic modulus (measured in N/m2 or in Pascals 
Pa) 
The elastic deformation is a reversible deformation governed by the Hook’s law. So, 
once the forces are no longer applied, the object returns to its original shape. The elastic 
regime ends when the material reaches its yield strength beginning at this point plastic 
deformation. Oppositely, the plastic deformation is an irreversible deformation in 
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response to the applied stress. Therefore, stress and strain are not linearly dependent and 
do not obey the Hook’s law.  
 
1.3.2  Mechanical properties of CNTs and their potential applications 
CNT possess high mechanical properties due to their strong C=C double bonds. The 
elastic modulus and strength of individual SWNTs are in the order or 1 TPa and 50 GPa 
respectively
[65]
 in contrast to the strength showing by steel which is 1-2 GPa. CNTs 
have an expected elongation-to-failure of 20-30%.
[66]
 However, both Young modulus 
and tensile strength can be strongly reduced by the presence of defects in the graphitic 
walls of CNTs, such as Stone-Wales defects.  
Because of their high aspect ratio; CNTs are also very flexible and thus potentially 
suitable for applications in composite materials that require anisotropic properties. CNT 
bucky papers
[67]
 and CNT fibers
[68]
 are attractive materials for their use as 
electromechanical actuators since the charge injection can provide expansions and 
contraction that can do mechanical work. One of the challenges of these CNT 
assemblies relies on their used as artificial muscles. 
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1.4  Magnetic properties 
1.4.1  Magnetic materials 
Magnetic materials can be classified as diamagnetic, paramagnetic, ferromagnetic and 
antiferromagnetic depending on their response when an external magnetic field is 
applied.
[69]
 The degree of magnetization (M) of a material that depends on an external 
applied magnetic field (H) is given by the susceptibility (χ), which can be defined as: 
   
 
 
                                 
The initial slope of the M-H curves is the susceptibility. Bellow, all different kinds of 
magnetic materials are explained: 
Diamagnetic materials 
Diamagnetic materials have no unpaired electrons (magnetic dipoles), and as a result 
they display no net magnetic moment in the absence of an external field and weak 
induced dipoles in the presence of a field, arising from the realignment of the electron 
orbits. The slope of the M-H curve of diamagnets is negative showing a small and 
negative susceptibility. 
Paramagnetic materials 
Paramagnetism is shown by materials with zero magnetic moment but when a magnetic 
field is applied all the moments can be aligned creating a positive susceptibility. 
Paramagnet materials follow the Curie’s law at low applied fields. 
Ferromagnetic materials 
Ferromagnetic (FM) materials exhibit a long-range ordering phenomenon at the atomic 
level, which causes the unpaired electron spins to line up parallel with each other in a 
region called a domain. The transition region between domains over the magnetization 
changes is called Bloch wall. The magnetic field in the domain is intense, however, in a 
bulk sample the material is no magnetized because the magnetic moments of the 
domains are randomly oriented respect to each other. When a magnetic field is applied, 
all spins from all domains are parallel oriented with the field obtaining a non-zero 
C h a p t e r  1  | 29 
magnetic moment. This magnetic order due to the interactions is contra rested with the 
thermal agitation. At higher temperatures, all magnetic moments are disordered and the 
material behaves as paramagnetic. The transit from ferromagnetic to paramagnetic 
occurs at the Curie temperature. The magnetic susceptibility of the ferromagnet in the 
paramagnetic region is governed by the Curie-Weiss law: 
   
 
   
                                 
where C is the Curie constant, T is the absolute temperature (in kelvin) and θ is the 
Curie temperature (in kelvin).  
Antiferromagnetic materials 
These materials exhibit magnetic moments of atoms or molecules aligned in a regular 
pattern with neighboring spins (on different sublattices) pointing in opposite directions. 
Thus, these materials do not present spontaneous magnetic magnetization. 
Antiferromagnetic order exists at low temperatures while this order disappears above a 
certain temperature (Néel temperature) becoming to paramagnetic. The magnetic 
susceptibility follows the Curie-Weiss law with a negative θ. 
Ferrimagnetic materials 
Ferrimagnets are materials where the magnetic moments of the atoms on different 
sublattices are opposed as in antiferromagts. However, they have a similar behavior to 
ferromagnets exhibiting a spontaneous magnetization below the Curie temperature with 
and without an applied field. This is because the magnetization of one sublattice is 
bigger than the shown by the oppositely oriented sublattice.  
 
1.4.2  Magnetic properties of NPs 
The magnetic behavior of magnetic materials depends on the temperature, but it 
depends also on the volume of the material. This volume dependence arises from the 
fact that when materials with multiple magnetic domains (ferromagnets) become 
smaller, they can reach a certain critical particle diameter (Dc), where the material 
behaves as a single-domain. However, when the diameter continues decreasing (DSPM), 
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a superparamagnetic limit is reached. At this point the thermal energy (kT) can 
overcome the anisotropy energy (KV) to flip the spin orientation being the magnetic 
dipoles randomly oriented. superparamagnetic (SPM) particles do not have permanent 
magnetic moments but they can respond to an external applied field. (Figure 1.19). The 
magnetic moment (µ) of superparamagnetic particles is given by: 
µ = Ms . V         [Eq. 1.14] 
where Ms is the saturation magnetization and V is the volume. The probability for 
jumping the anisotropy barrier is given by the next equation: 
τ = τ0 . e
 –KV/kT       
[Eq. 1.15] 
where KV is the anisotropy energy, k is the Boltzman constant an T is the blocking 
temperature also known as TB. 
The blocking temperature is one of the main parameters used to characterize SPM 
particles, which can be obtained by measuring the temperature dependence of the 
magnetization (Zero-Field-Cooling Field Cooling measurements). The magnetic 
moment of NPs at the TB is blocked by the anisotropy and above the TB the magnetic 
moment can fluctuate freely showing a SPM behavior. 
 
Figure 1.19. Scheme of the coercivity (Hc) dependence on the particle diameter (D). The coercivity 
becomes zero at the SMP limit. 
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1.4.3  M-H curves 
The variation of the magnetization (M) with the magnetic field (H) can be represented 
by the hysteresis loop. Briefly, in a FM material, all magnetic moments are aligned in 
response to an external applied magnetic field until reaching a maximum value at higher 
magnetic fields, which is called saturation magnetization (Ms). Once, the magnetic 
material is saturated, the magnetic field is removing until becoming a zero value in such 
a way that the magnetization is slowly reduced until the material reaches a positive 
value of magnetization called remanent magnetization (Mr). At this point, there is a 
residual magnetism in the material. As the applied field is reversed there is a decreasing 
magnetization until the magnetization is non-existent. This point is called coercive field 
(Hc). If the applied field continues increasing in negative values the material becomes to 
a saturation magnetization. This process is been completed in an opposite way obtaining 
a symmetric curve. 
The parameter Hc is used to characterize the different magnetic material. Therefore, 
SPM particles do not show hysteresis and the coercive force is zero at temperature 
above TC in contrast to FM materials, which present hysteresis; i.e, they present a 
remanent magnetization and coercivity. 
 
Figure . Characteristic behavior of FM materials (black line) and SPM particles (blue line). 
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1.4.4  Magnetoresistance 
The mangnetoresistance consists in the change of the resistivity of a material when a 
magnetic field is applied. If the field and the magnetization are oriented perpendicular to 
the current the electron orbits are in the current plane, and there is a small cross-section 
for scattering giving a low resistance state. In the case of being parallel to the current a 
high resistance is obtained, which relies in a small conductivity of the system. 
The magnetoresistance (MR) is measured as a function of an external magnetic field 
and it can be defined as follows: 
   ( )   
  ( )    ( )
  ( )
                               
where R (H) is the resistance of the sample in a magnetic field H, and R (0) corresponds 
to H = 0.  
 
1.4.5  Applications of magnetic based CNT/hybrid composites 
In this regard, magnetic CNTs
[11]
 can be used as spin-based electronics. For example, by 
electrodepositing PdNi contacts of CNTs it is possible to examine some spin based 
phenomena in CNTs being these hybrid structures suitable for spintronics applications 
as well as ferromagnetically Co contacted MWNTs devices.
[70]
 Arrays of CNT-coated 
Fe nanowires are also promising materials for spintronics devices and fine magnets.
[71–
74]
  
CNT/filled magnetite composites can be used as magnetic nanofluids for micro-
electronics cooling.
[75]
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Chapter 2 
 
 
 
 
 
 
Ostwald ripening of platinum nanoparticles confined in a 
carbon nanotube/silica-templated cylindrical space 
 
 
 
Sintering of nanoparticles mediated by an Ostwald ripening mechanism is generally 
assessed examining the final particle size distributions. Based on this methodology, a 
general approach for depositing platinum nanoparticles onto carbon nanotubes in 
solution has been employed in order to evaluate the sintering process of these metallic 
nanoparticles at increasing temperatures in a carbon nanotube/silica-templated confined 
space. 
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2.1  Introduction 
Nanoparticles (NPs) are inherently unstable due to their high surface area and therefore 
tend to grow and increase their average size.
[1,2]
  Sintering refers to the increase in mean 
particle size that occurs as a system of NPs evolves to attain a lower-energy state.
[3]
 The 
driving force in a process of sintering of NPs corresponds to their increased surface free 
energy, if compared with bulk, by which NPs present a metastable solid state and 
inevitably tend to aggregate into larger nanostructures.
[2]
 
 
Sintering is an acute drawback in catalysis, especially if working at elevated 
temperatures. In the case of supported catalysts, sintering is typically attributed to mass-
transport mechanisms involving atomic migration to subsequent coalescence with 
neighboring NPs. The kinetic models proposed have been established considering an 
Ostwald ripening, by which the migration mechanism refers to diffusion of atoms 
between immobile NPs either on the surface of the support or through the gas phase.
[4]
 
In these conditions, the concentration of atomic species is higher in the vicinity of small 
particles than of large particles. There is, consequently, a concentration gradient that 
leads to a net flux of atomic species from the smaller particles toward the larger ones, so 
the larger particles eventually grow at the expense of the smaller ones. Accordingly, 
Yang et al. studied the sintering of Au NPs on TiO2 and were able to explain the 
observed evolution of particle sizes using a ripening model,
[5]
 and Simonsen et al. 
confirmed that Ostwald ripening is responsible for the sintering of Pt under oxidative 
atmospheres.
[6]
 Since Pt is known to form a volatile oxide, they claimed aplausible that 
this Pt oxide constitutes the mobile phase responsible for Pt sintering.  
 
In the Ostwald ripening process, the atomic species are exchanged among immobile 
NPs driven by a difference in their chemical potential, as described by the Gibbs-
Thomson equation. In addition to NP size, parameters such as morphology of the NPs 
and NP-support interactions will also play a role in the sintering process.
[2]
 
Additionally, given the increasing importance of reactions in restricted dimensions such 
as Pt catalyst-bearing nanoreactors (e.g., nanocapsules),
[7]
 the influence of confined 
spaces on the Ostwald ripening should be carefully assessed given its critical influence 
on the catalytic efficiency of metallic nanoparticles. 
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Herein, we engineer the deposition of small Pt nanoparticles on one-dimensional CNT 
templates and their later encapsulation with an inorganic silica shell. Such a system was 
developed to study the sintering of Pt NPs in specific conditions given by elevated 
temperatures and the confined cylindrical nanospace given to the Pt NPs to grow. The 
direct observation of sintering in these extreme conditions is demonstrated in terms of 
an evolution of the average size distribution from Gaussian to log-normal. 
 
2.2  Experimental section 
2.2.1  Chemicals 
Pollyallylamine hydrochloride (PAH, 56.000 g/mol), NaCl, sodium citrate, H2PtCl6, 
sodium borohydride, 3-aminopropyltrimethoxysilane (APS), tetraethoxysilane (TEOS), 
EtOH, ammonia and citric acid were purchased in Sigma Aldrich. MWNTs (5-15 µm 
length, 10-15 nm diameter, 95% purity) were supplied by Nanolab (Boston). Milli-Q 
deionized water (resistivity ˃18 MΩcm-1) was used for all preparations. 
2.2.2  Polymer-wrapping functionalization of CNTs 
MWNTs were dispersed in ultrapure water according to the following procedure.
[8]
 
Briefly, CNTs were dispersed in a 1wt.% aqueous solution of pollyallylamine 
hydrochloride (PAH, 0.5M NaCl, pH = 10) up to a concentration of 150 mg/L. A 
combination of rapid stirring and sonication was used to ensure the presence of 
individually well-dispersed CNTs (this is demonstrated by the fact that CNTs appear 
individually coated with Pt NPs and subsequently with the outer silica shell (vide 
infra)). Excess of PAH was removed by three centrifugation cycles at 9000 rpm, at 25ºC 
during 12 h to be later redispersed with ultrapure water. 
2.2.3  Synthesis of spherical Platinum NPs 
Pt NPs were synthesized as published elsewhere.
[7]
 To a solution containing 43 mL of 
ultrapure water, 2.5mL of sodium citrate (0.1 M) and 2.5 mL of 0.05 M H2PtCl6, and 
2.45 mL of sodium borohydride (0.015 M) were added as reducing agent 
(citrate/H2PtCl6/NaBH4 in a molar ratio of 2 : 1 : 0.3). The solution was magnetically 
stirred for 10 min. 
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2.2.4  NP deposition onto CNTs 
The NP deposition onto CNTs was described elsewhere.[7]  CNTs@PAH (12 mL, 
0.016 mg/mL) were added to 50 mL of Pt NPs (0.5 mM). After 1 h, the solution was 
centrifuged three times (3500 rpm, RT, 20 min) and redispersed in 20 mL of ultrapure 
water removing the nonadsorbed Pt NPs after centrifuging. 
2.2.5 Silica coating of CNTs@Pt 
Silicon oxide was deposited on the CNTs@Pt nanocomposites using two different 
steps.
[9]
  In the first silica-deposition step, the hydrolysis and condensation of 3- 
(aminopropyl)trimethoxysilane (APS) and tetraethoxysilane (TEOS) were carried out 
under acidic conditions. Ethanol (20 mL) containing APS and TEOS (typically 2.88 μL 
APS and 33.8 μL TEOS) was added dropwise to 10 mL of an aqueous dispersion of 
CNTs@Pt (0.03 mg/mL) containing citric acid (2 mM, pH∼3) under magnetic stirring. 
In the second step and after stirring for 2 h 30 min, the pH value of the solution was 
rapidly increased so that the silane condensation was carried out under basic conditions. 
Therefore, a solution of NH4OH (0.01M) was added dropwise until a pH value of 8–10 
was reached. Subsequently, the solution was aged for 3 h and a compact, uniform, 15 
nm thick silica shell was obtained. Subsequently, the solution was centrifuged (950 rpm, 
10 min, RT) and redispersed three times in EtOH. 
 
Scheme 2.1. Representation of the steps carried out for the synthesis of the composites of 
CNTs@Pt@SiO2. The first step involves the polymer-wrapping of CNTs with PAH, the second relies on 
the deposition of Pt NPs onto the surface of CNTs and the final step involves the growth of a silica shell 
onto the Pt coated CNTs. 
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2.2.5 Sintering of CNTs@Pt@SiO2 
Thermogravimetric Analysis (TGA) of CNTs coated with Pt NPs and silica shell was 
carried out heating up to 830ºC. The sintering process was studied heating up the 
composite nanostructures at two temperatures (550 and 800ºC) in order to tune the NP 
agglomeration. 
2.2.6 Characterization of the nanocomposites 
Transmission electron microscopy (TEM) images were obtained by using a JEOL JEM 
1010 transmission electron microscopy operating an acceleration voltage of 100 kV. For 
TEM preparation a drop of the nanocomposite solution was placed on a formvard-
coated copper grid and dried at room temperature.  
 
2.3  Results and discussion 
2.3.1  NP coating of CNTs 
CNTs are some of the most intensively explored nanostructured materials. Their unique 
properties render these structures as ideal templates for the design of nanosized 
architectures.
[10]
  In this case, their uniform curvature allows the deposition of Pt NPs to 
be further coated with silica, in an effort to isolate them in a cylindrical and therefore 
curved confined space.  
 
Accordingly, a general approach for depositing NPs onto CNTs in solution has been 
employed.
[8]
 This approach, with an initial step based on the polymer wrapping 
technique, allows the manipulation of CNTs in solution. The polymer wrapping method, 
developed by O’Connell et al., [11] stems from a functionalization of CNTs through non 
covalent attachment. This technique is based on the thermodynamic preference of CNT-
polymer interactions over CNT-water interactions, which favors the hiding of the 
hydrophobic surface of CNTs in aqueous solution, giving rise to a better 
dispersion.
[12],[13]
  In this way, CNTs can be wrapped either with a negatively or 
positively charged polyelectrolyte (PE) depending on the surface charge of the metallic 
nanoparticles to be deposited. The polymer layer allows a homogenous high-density 
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coverage of charges on the tips and walls of CNTs and, as result, an efficient deposition 
of the metallic nanoparticles through electrostatic interactions. 
 
In our case, Pt NPs were driven to the surface of the CNTs taking advantage of the PE 
(PAH) previously deposited on the surface of these supports. Because of the positively 
charged surface provided by this polymer, these NPs were easily attached becoming 
fixed in the final composite nanostructure. It must be noted that the Pt NPs employed 
were previously synthesized in aqueous solution, reducing H2PtCl6 salt with sodium 
borohydride and stabilizing them with citrate ions, which confers them a negatively 
charged surface. Figure 2.1 shows TEM images at different magnification of the CNTs 
coated with the Pt NPs, very homogeneously distributed all over the surface of the 
carbon nanostructures. It is also worthy to mention the pretty narrow size distribution of 
such small metallic nanoparticles, centered at 2.62 ± 0.60 nm (95% of NPs).  
 
 
Figure 2.1. TEM image of a representative CNT coated with Pt nanoparticles homogeneously distributed 
on their surface (inset: average size distribution of Pt NPs centered at 2.62 ± 0.60 nm). 
 
Without a doubt, it is also important to draw attention to the aggregates of Pt 
nanoparticles, assembled during the process and located or distributed all along every 
CNT. These aggregates of NPs were likely formed once the positively charged CNT 
solution was added, considering the fact that it may carry different ions necessary for 
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the assembly of the PE layer and may consequently increase the ionic strength. These 
conditions can therefore explain some previous aggregation of the NPs, which, 
however, does not prevent their homogeneous deposition onto the CNTs. 
2.3.2  Optimization of the silica coating 
As next step, these composite nanostructures were coated with silica. Figure 2.2 shows 
the TEM images at different magnification of the CNT@Pt@SiO2 nanocomposites, 
offering a 15 nm thick silica shell. The high homogeneity of the coating allows the 
silica shell to maintain its thickness even around the aggregates of Pt NPs previously 
mentioned. The silica coating was carried out in two different deposition steps; 
considering first the hydrolysis and condensation of (3- aminopropyl)trimethoxysilane 
(APS) and tetraethoxysilane (TEOS), carried out under acidic conditions and 
consequently under basic conditions. Subsequently, the solution was aged for 3h and a 
compact, uniform, 15nm thick silica shell was obtained. 
 
Figure 2.2. TEM images of CNTs coated with a 15nm thick silica shell 
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2.3.3  Sintering process 
The as-prepared composite nanostructures based on CNTs and Pt NPs and coated with 
silica were heated up to 550 and 800ºC in air atmosphere, in two independent 
experiments. In order to follow the carbonization processes of the composite 
nanostructures that take place under these conditions, a TGA analysis was performed.  
 
Figure 2.3 includes the TGA as a function of temperature that indicates ∼97.7 wt.% left 
in the sample tested, in this case after heating up to 830ºC in air. The TGA analysis 
offers different steps in the carbonization that can be attributed to the citrate ions 
surrounding the Pt NPs, the PAH wrapping the CNTs, and the CNTs themselves, which 
in air, have been reported to completely decompose after the temperature reached 
500ºC,
[14]
  justifying therefore the wt.% losses. In order to understand this rather low 
weight reduction, it should be taken into account the extraordinary lightness of CNTs 
and the branched nature of PAH (that renders possible the wrapping around the CNTs). 
Both the carbon support and the polyelectrolyte exhibit notably low densities, which 
results in the considerably low wt.% losses mentioned. 
 
Figure 2.3. TGA analysis while heating the composite nanostructures up to 830ºC. 
 
 
After heating up to 550 and 800ºC in two independent experiments, TEM analysis of 
the two samples tested was also performed. Figures 2.4 (a) and 2.4 (b) include TEM 
images of the nanocomposites after heated up to 550ºC, while Figure  2.4 (c) and 2.4 (d) 
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show those heated up to 800ºC, reflecting clear changes in the composite nanostructures 
morphology and in the size of the Pt NPs initially employed. 
 
 
 
Figure 2.4. TEM images of the as-prepared composite nanostructures based on CNTs and Pt NPs and 
coated with silica, heated up to 550 ((a) and (b)) and to 800ºC ((c) and (d)). 
 
2.3.4  Study of the NP aggregation 
Clearly, the inner structure of the composites has changed, with a heterogeneous and 
broader distribution of bigger Pt NPs, not anymore supported onto the CNTs. At 550
◦
C 
the carbonization processes of likely all the organic compounds has already taken place 
(according to the TGA included in Figure 2.3 and consequently, no organic frame 
maintains the NPs in the cylinder-like morphology as when surrounding the CNTs. In 
this regard, the temperature has started two processes: the carbonization of the organic 
material and the diffusion
[15]
 of the Pt atoms that initially formed part of the 2.62 nm 
NPs.  
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Considering the increased surface-to-volume ratio of such small Pt NPs, a 
nonequilibrium process is likely to start as temperature increases, in such a way that the 
system tries to restore the equilibrium by forming bigger aggregates. Pt NPs initiate 
therefore a migration to meet again allowing the growth of the bigger NPs. In this sense, 
the previously formed aggregates of NPs may act as nuclei where to start a growth 
process. Nevertheless, at T < 550
º
C the migration process may be slow enough (small 
migration distances), so that Pt atoms deposit shortly after starting their migration. This 
situation favors the formation of a broader size distribution (8.58 ± 2.45nm (95% of 
NPs)) of bigger particles, as shown in Figures 2.4 (a) and 2.4 (b).  
 
Hence, we can consider the simultaneous dissolution and reaggregation of the NPs, 
known as Ostwald ripening or coarsening.
[16]
  Since the 2.62 nm particles are no more 
stabilized by the citrate ions, already carbonized due to the important increase in 
temperature and reflected by the TGA analysis (Figure 2.3), larger nanoparticles are 
formed at the expense of dissolving smaller ones.
[17]
  These considerations agree with a 
slow growth rate, which also yields broad size distributions.
[18]
  Figures 2.4 (c) and 2.4 
(d) show TEM images of the composites after heated up to 800ºC. The interior of the 
now formed silica cylinders appears completely clean (compared, for example, with the 
turbid nature of the material appearing in Figures 2.4 (a) and 2.4 (b)), without any 
organic remains (from the CNTs, citrate ions and PEs) that likely have sublimed. 
Simultaneously, the silica has compacted leaving an empty inner space in the composite 
nanostructures. The Pt NPs have now grown until reaching an average size distribution 
of 15.89 ± 5.23nm (95% of NPs). 
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Figure 2.5. Average size distributions of the Pt NPs based on TEM images of the samples heated up to 
550 and 800ºC. 
 
According to the migration of atoms proposed with an outcome determined by the 
diffusion and the deposition flux, this process would then end when atoms have hit NPs 
of size larger than the critical, that is, stable, in order to condense on them. With 
increasing sizes, the NPs become more and more stable and impinging atoms condense 
solely at the bigger ones. In the present case, temperature triggers the migration of the 
atoms. At low temperatures, migration average distances are small, so that a high 
density of stable bigger NPs can grow. With increasing temperature, the migration 
distance also increases and larger and far apart nanoparticles can grow, as shown in the 
TEM images of Figures 2.4 (c) and 2.4 (d). The TEM images also reveal the 
increasement in the mean particle size due to disappearance of the smaller ones. The 
evolution in the particle size distribution reflected by the TEM images is related to the 
sintering process, described statistically in the light of a simple kinetic model for 
ripening. Indeed, the heat treatment resulted in a general increase in size and an 
improvement in the spherical shape, consistent with surface energy minimization. 
Figure 2.5 includes the size distribution of the Pt NPs: initially (a), after heating the 
composites up to 550ºC (b) and up to 800ºC (c). The initial Gaussian shape of the 
average size distribution, that also works for the NPs after heating up to 550ºC (though  
broader), varies in the third case (after heating up to 800ºC) to a log-normal fit, as a tail 
of larger NPs emerges on the right side of the mean value, consequently broadening the 
average size distribution. 
 
TEM images and resulting average size distribution indicate that smaller NPs have 
eventually disappeared and larger ones have been obtained, are consistent with a 
sintering process of Pt NPs governed by an Ostwald ripening mechanism. The 
corresponding mass-transport can be justified if mediated by Pt atoms, or more likely by 
Pt oxygen species (the sintering rate of Pt NPs in oxidative environments was reported 
to be accelerated due to the formation of volatile Pt-oxygen species).
[19]
  Besides the 
oxygen-rich environment, we have to take into account the increased temperatures 
reached and the fact that Pt NPs are neither free nor supported on planar substrates but 
confined in the cylindrical empty spaces given once the carbonization of CNTs and the 
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compaction of silica are accomplished. Consequently, a local effect favoring the 
exchange rate of diffusing species between NPs is very much favored. 
 
2.4  Conclusions 
In summary, CNTs were individually coated with spherical Platinum NPs and with an 
outer silica shell. By using transmission electron microscopy it was possible to monitor 
the evolution of the Pt NPs deposited onto the surface of carbon nanotubes while 
heating independently up to 550 and 800ºC. These experiments reveal a change in the 
average size distribution moving from an initial Gaussian shape which is also observed 
after heating the composite up to 550°C to an Ostwald-ripening operated sintering 
process taking place in the CNT/silica-templated confined space formed as temperature 
is raised. 
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Chapter 3 
 
 
 
 
 
Layer-by-Layer polymer coating of carbon nanotubes: 
Tuning of electrical conductivity in random networks 
 
 
In this work we show that the electrical conductivity and thermoelectric power of 
random networks of carbon nanotube (CNT) films can be tuned by means of a layer-by-
layer polymer coating technique of the individual nanotubes. Using this approach, 
nanotubes dispersed in water are coated before the formation of the film, achieving a 
control of the transport properties independent of the substrate. Below a certain 
temperature the conductivity departs from the ohmic behavior and enters a tunneling 
regime with an energy barrier for electron transport determined by the width of the 
polymer layer. The excellent control over the conductivity and the possibility of using 
the polymer coating as a gate dielectric material could be an important step for the 
development of an easy and scalable approach for the fabrication of CNT-based thin 
film transistors. 
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3.1  Introduction 
Carbon nanotubes (CNTs) have been extensively investigated since their discovery,
[1]
 
due to their exceptional mechanical and electrical properties.
[2,3]
 Particularly interesting 
is the high electronic mobility at room temperature in single-wall carbon nanotubes 
(SWCNTs),
[4]
 which opened the possibility to the fabrication of field-effect transistors 
(FET) using individual SWCNTs.
[5]
 However, in order to increase the current density 
many individual CNTs must be aligned between the source and the drain. Although 
some methods have been developed to produce micrometer-size films of CNTs aligned 
on a substrate.
[6–8]
 they are still too complicated to be exploited commercially. Another 
alternative could be the use of random networks of CNTs.
[9,10]
 They keep the large 
mechanical flexibility, multiple interconnecting paths, etc. that make CNT films 
interesting but are easy to produce and integrate at a larger scale. When they are used as 
the conducting channels in FET, low-density networks show large on/off ratios and 
moderate mobility, although there are some problems with reproducibility, especially 
close to the limit of percolation. Increasing the density does increase the mobility and 
averages out the sample dependence but reduces the on/off ratio considerably due to the 
increase in the portion of metallic tubes that form continuous paths between the source 
and drain. Therefore, there has been great interest in the development of extrinsic 
methods to control the electrical conductivity of dense films of random CNTs, in order 
to develop applications in flexible electronics.
[11–13]
 
 
Herein we show that the conductivity of a random network of CNTs can be controlled 
by polymer wrapping of the individual nanotubes before the formation of the film. A 
precise tuning of the electrical conductivity can be achieved by controlling the thickness 
of the homogeneous CNT polymer coating by means of the so-called layer-by-layer 
(LbL) self-assembly technique,
[14]
 which results in a precise control of the tube-to-tube 
distance. These films can be easily peeled off from the original substrate and 
subsequently deposited on a desire surface. Moreover, this method permits the control 
of the transport properties of the film without additional functionalization of the 
substrate usually needed in other approaches comprising the use of CNTs. Moreover, it 
must be applicable to SWNTs and MWNTs and opens an interesting alternative to the 
deposition of a polymer layer as a dielectric film between the gate and the channel in 
CNT-based plastic devices.  
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The wrapping-based functionalization of the CNT is made possible because of the 
thermodynamic preference for the CNT-polymer interactions over the CNT-water 
interactions, thereby suppressing the hydrophobic surface of the CNT. Indeed, 
following a similar strategy and using charged polyelectrolytes as wrapping agents, we 
have previously shown, on the basis of electrostatic forces, the effective fabrication of 
CNT-inorganic hybrid materials through a controlled deposition of previously 
synthesized nanoparticles of different nature (metallic, magnetic, or semiconductor)
[15–
17]
 and size (spherical, rods, or dendritic).
[15]
 
[18]
 
[19]
 However, the challenge in this work 
was to adjust the nanotube-nanotube distance, carried out through the alternating 
adsorption of monolayers of polyelectrolytes attracted to each other by electrostatic and 
van der Waals interactions (LbL self-assembly technique), which offers an 
unprecedented control over the thickness of the polymeric layer surrounding each 
nanotube. 
 
The formation of the CNT films, which involves two main steps. First, the fabrication of 
the films comprises the functionalization of well-redispersed CNTs and subsequent LbL 
deposition of the desire polymer layers (Scheme 3.1a). The nanotubes were first 
individually wrapped with a positively charged polyelectrolyte (polyallylamine 
hydrochloride, PAH), which has been shown to adsorb on CNT as a result of 
suppression of their hydrophobic surface,
[20]
 followed by the assembly of a negatively 
charged polyelectrolyte (polystyrene sulfonate, PSS). Thus, the desired polymer 
thickness shell was obtained through the sequential deposition of several polymer layers 
(samples composed of CNTs covered with one to seven layers of polymer were 
synthesized for this study). 
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3.2  Experimental section 
3.2.1  Chemicals 
Polly(allylamine)hydrochloride (70.000 g/mol), polly(sodium 4-styrenesulfonate), NaCl 
were purchased in Sigma-Aldrich. Acetate cellulose membrane (0.45 µm pore size) was 
supplied by Millipore. MWNTs (5-15 µm length, 10-15 nm diameter, 95% purity) were 
supplied by Nanolab, Boston. The water used in all experiments was ultra-pure water 
prepared in a three-stage Millipore Milli-Q Plus 185 purification system. 
3.2.2  Polymer-wrapping functionalization of CNTs 
CNTs were individually wrapped with a positive polyelectrolyte (PAH) using a non-
covalent functionalization based on a polymer wrapping approach (previously explained 
in chapter 2, section 2.2.1).  
3.2.3  Layer-by-Layer technique 
After the PAH-wrapped CNTs (CNTs/PAH) dispersed in water were obtained (50 mL), 
they were mixed with a 200 mL (2 wt %) aqueous solution of a negatively charged 
polyelectrolyte, polly(sodium 4-styrenesufonate) (PSS, 0.5 M NaCl). To ensure a 
homogeneous coating of individual and well-dispersed nanotubes, the PAH-wrapped 
CNT solution was added drop by drop to the PSS solution with sonication and was kept 
for 1 h on a rolling engine with sonication for 5 s every 10 min. Then, CNTs coated 
with two polymer layers, CNT/ PAH/PSS, were obtained through three washing cycles 
by centrifugation at 9000 rpm during 12h  and redispersion in pure water. Following the 
LbL approach and the same experimental conditions explained in the polymer-wrapping 
functionalization of CNTs, carbon nanotubes were coated with the desired thickness by 
a sequential deposition of oppositely charged polyelectrolytes (PAH and PSS). Thus, 
nanotubes coated with one, two, three, five, and seven layers were obtained. 
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Scheme 3.1. Illustration of the synthetic process comprising the individual CNT functionalization using 
PAH as a polymer wrapping agent followed by a sequentially deposition of opposite-charged 
polyelectrolytes (PSS/PAH) through the LbL self-assembly technique. 
 
3.2.4  Nanotube film formation  
Five milliliters of a dispersion containing 0.040 mg/mL of CNTs coated with one, three, 
five, and seven polymer layers, respectively, for the different samples prepared were 
injected by means of a commercial syringe through a cellulose acetate filter membrane 
(0.45 μm pore size). Subsequently, the CNT network was separated from its plastic 
support after the remaining water was removed by passing air through it, in order to 
avoid the disruption of the film uniformity. 
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Scheme 3.2.  A solution of CNTs coated with the desired number of polyelectrolyte layers is filtrated and 
the film of CNT is formed on a cellulose filter substrate (b). The tube-to-tube distance in the film is 
determined by the number of layers previously deposited onto the CNT. 
 
3.2.5  Thermoelectric power measurements 
To measure the thermoelectric power as a function of temperature, a 5×1 mm piece of 
the film was mounted on a thermal insulating fiberglass fiber. Several films coming 
from three different samples for each step were investigated, evidencing the 
reproducibility of the measurements. A small heater was attached to one end of the film 
with a thermally conductive epoxy (electrically insulating 2763 Stycast), while a piece 
of copper at the other end (heat drain) made a contact to the cryostat.  
The temperature gradient and voltage drop across the film was measured with type E 
thermocouples arranged in series electrically insulated from the sample with 2763 
Stycast) and two copper wires. To be sure that the thermal gradient and the voltage drop 
were being measured at the same place, two small Cu films were attached to the CNT 
film with thermally/electrically conducting silver epoxy (Dupont 4929N). The 
thermocouple and the voltage wires were attached to these Cu films, as shown in the 
inset to Figure 3.3. The thermal gradient and the thermoelectric voltage were monitored 
with a Keithley 2182A nanovoltmeter. The base temperature was changed with a 
continuous flow cryostat, with the sample under vacuum (10
-5
 Torr). The thermoelectric 
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power was determined by two independent means: after reaching a steady state through 
an applied current to the heater and by fitting the linear V vs ΔT response to a heating 
pulse. The difference between both methods and between different experiments was 
always lower than 5%. 
3.2.6  Electric resistivity measurements 
The electrical resistivity was measured as a function of temperature in a continuous 
flow cryostat with the sample under vacuum, from 5 K to room temperature. We used 
four contacts, and the voltage was monitored with a Keithley 2182A nanovoltmeter. 
The smallest possible current was used in order to avoid heating of the sample at low 
temperature. The typical distance between the inner (voltage) contacts was 500 μm, 
although it was systematically varied (between 400 μm and 1 mm) in order to check the 
reproducibility of the experiments. For I/V experiments a 6221 ac/dc current source and 
a 2182A nanovoltmeter, both from Keithley, were used. 
3.2.7  Characterization of the CNT films 
High resolution transmission electron microscopy (HRTEM) images were performed by 
using a JEOL JEM-2010F with an accelerating potential of 200 kV. Scanning electron 
microscopy (SEM) images were obtained by using a JSM 6700F microscope operating 
an acceleration voltage of 10 kV.  
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3.3  Results and discussion 
3.3.1  CNTs polymer coating  
A high-resolution transmission electron microscopy (HRTEM) examination of the 
polymer-coated CNT (Figure 3.1) shows that the polymer thickness increases, as 
expected, with the number of polymer layers deposited. The amorphous polymer layer 
surrounding each CNT is clearly distinguished from the walls of the tube.  
 
The uniformity of the coating is evidenced from the gradual increase of the thickness in 
1.8 (0.2 nm steps per layer. Once the CNTs were coated with the desired polymer 
thickness, the CNT films were obtained through a filtering strategy from the aqueous 
dispersions using commercial cellulose filters. 
 
 
Figure 3.1. HRTEM images of the CNT coated with 1 (a), 2 (b), 3 (c) and 7 (d) polyelectrolyte layers 
corresponding with a polymer thickness of 1.8, 3.7, 6.4 and 12 nm respectively. There is a very good 
agreement between the thickness of the polymer layer observed experimentally, and the expected on the 
basis of the number of layers deposited. 
 
Figure 3.2 shows the SEM images of the films obtained through this filtration approach, 
showing a good homogeneity and excellent control over the nanotube-nanotube distance 
by successive layer-by-layer polymer wrapping. The density and thickness of the films 
can be simply controlled by the concentration of tubes in the solution. After they are 
formed, the films are self-supporting and can be easily removed from the cellulose 
matrix by immersing them for a short time in acetone. Summarizing this part, the 
polymer wrapping of CNTs through LbL and subsequent filtering introduced in this 
work provides random networks of CNTs in which the CNT-CNT distance, density, and 
thickness of the network can be easily adjusted. 
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Figure 3.2. Representative scanning electron microscopy (SEM) top (a) and cross-section (d) view 
images of the CNT-films. In (b) and (c) we show a comparison between two films in which the CNT have 
been coated with 1 and 5 polymer layers, respectively. The same magnification has been used for a direct 
comparison. 
 
 
3.3.2 Electron transport of CNT films 
The main goal of this synthetic effort was to design a method to tune the electron 
transport between CNTs; therefore, we have studied the electrical conductivity and 
thermoelectric power in thin films of CNT wrapped with an increasing number of 
polymer layers. In the following we present the results for 1.5-2 μm thick, very dense 
films in which the only parameter to be varied is the number of polymer layers 
surrounding each tube. 
 
As we indicated before, the first layer surrounding the CNT in all cases is composed of 
PAH, a positively charged polyelectrolyte. Although we selected an electrostatic 
process for not disrupting the electronic structure of the CNT, it could be possible that 
some charge transfer could occur between the CNT surface and the polymer, affecting 
the conductivity of the system. Thermoelectric power (Seebeck coefficient) could give 
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important information in this respect, at the time that provides access to the intrinsic 
electrical transport properties of the nanotubes.  
 
When a thermal gradient is applied to a sample, diffusion of the charge carriers from the 
hot to the cold side creates a (thermoelectric) voltage when measured under open circuit 
conditions (no current flow). This results in the ratio ΔV/ΔT, which defines the 
thermoelectric power or Seebeck coefficient, S, of the system and gives a measure of the 
ratio of electric to thermal energy conversion and vice versa. In a metallic system, the 
diffusion of the charge carriers is determined by the band structure around the Fermi 
energy, and hence, much information about the electronic band structure can be 
obtained from S(T). To measure the thermoelectric power as a function of temperature, 
a small thermal gradient was generated and monitored along with the voltage drop, on a 
5×1 mm piece of the film.  
 
 
 
Figure 3.3. Temperature dependence of the thermoelectric power in different films of CNT wrapped by 
1L (black squares), 2L (red triangles) and 3L (green dots) polymer layers, according to the procedure 
described in the Scheme 1. Lines are guides to the eye. The inset shows the scheme of the sample holder 
designed to measure the thermoelectric power of the films, as described in the text. 
 
0 100 200 300
0
10
20
30
40
3L
2L
1L
 
 
S
 (

V
/K
)
Temperature (K)
66 | C h a p t e r  3  
The results are shown in Figure 3.3 for the films of CNT surrounded by one, two, and 
three layers of polymer (1L, 2L, and 3L, respectively). For the 1L film the 
thermoelectric power is positive (hole conduction) and increases with temperature at a 
rate very similar to those reported in mats of p-doped SWCNTs.
[8,21]
 Increasing the 
number of polymer layers increases the value of the thermoelectric power (about 15-
20% per layer at room temperature). Although in a thermoelectric power experiment no 
current flows across the sample, a filtering of low-energy charge carriers at the CNT-
polymer interface is expected. Actually, the growth of an insulating barrier on a metallic 
element is a common strategy to increase the thermoelectric power in the production of 
nanocomposite thermoelectric materials.
[22]
 Therefore, this experiment is the first 
confirmation of the possibility of tuning the electronic properties of films of CNTs via 
individual polymer wrapping, without disrupting the electronic structure of the 
nanotubes. 
 
On the other hand, the electrical resistivity of a thin film of CNT with one layer of 
polymer (CNT-L1 (not shown) is practically temperature independent above ∼100 K, 
resembling bad-metal behavior. Below this temperature a thermally activated behavior 
is seen. Given that the length of the nanotubes is much shorter than the distance 
between the contacts, the increasing resistance at low temperatures must be related to an 
energy barrier for the process of charge transfer from tube to tube. In order to explore 
this behavior, we have measured the I/V curves of the film at different temperatures, 
from 5 to 300K. The results are shown in Figure 4 for the L1 film. Below ∼150 K, the 
nonlinear behavior is clear at low voltages; at high voltages the electric field overcomes 
the energy barrier and the ohmic (linear) regime is progressively recovered. The value 
of the non-ohmic resistance at low field can be obtained by subtracting the ohmic 
contribution, as follows: 
 
RLV = G[dV/dI- Rohm]              [Eq.3.1] 
 
 
where G is a geometric factor related to the dimensions of the sample. The cross section 
of our samples is the same (1.3 mm × 1.5 μm, within the error); therefore, the different 
measurements have been normalized by the distance between contacts (typically 
between 0.4 and 1 mm). The results are shown in the inset of Figure 4 for 1L films. The 
low-voltage resistance, RLV, decreases with temperature and is independent of the 
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nature of the polymer surrounding the tubes as long as the intertube distance remains 
constant. This is demonstrated in the lower inset to Figure 4a, where we compare the 
results for CNT-1L covered with PAH (a polymer with positive charge density) and 
PSS (a polymer with negative charge density). 
 
Figure 3.4. (a) I/V characteristics at two different temperatures for the sample with one layer of polymer 
(1 L). In the upper inset we show the temperature dependence of the low voltage resistance for CNT-1L 
(PAH), extracted from the I/V curves (see text). In the lower inset we show the temperature dependence 
of RLV for samples with 1L of PAH (solid green) and PSS (solid red). The nature of the polymer does not 
affect RLV as long as the thickness of the layer surrounding each nanotube remains constant. Different 
points (open) correspond to experiments performed by varying the distance between the electrical 
contacts. All the other dimensions of the films were kept constant between different experiments. (b) 
Low-voltage tunneling resistance for (top) CNT-2L and (bottom) CNT-3L at different temperatures 
obtained from the I/V curves according to Eq 3.1. 
 
On the other hand, increasing the number of polymer layers surrounding the CNTs 
increases the resistivity of the films dramatically. The results for CNT-2L and CNT-3L 
are shown in Figure 4b and are summarized for the three samples in Figure 5. The 
nonlinear resistance at the lower temperature increases with the number of polymer 
layers in an exponential fashion, suggesting that electronic tunnel dominates the 
conductivity through the insulating polymer layer at low temperature. We have attached 
thermocouples to the film in order to discard any temperature-related artifacts due to the 
increasing current. Then, the low voltage resistance at low temperatures can be 
associated to a tunneling resistance due to the energy barrier imposed by the polymer 
layer to the intertube charge transfer. At higher temperatures thermal energy overcomes 
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the energy barrier, recovering the linear regime. This effect can be controlled through 
the CNT-CNT distance: RLV is practically zero above 150 K in 1L but remains on the 
order of 250 Ω mm-1 in 3L at 300 K. Increasing more the number of layers dramatically 
increases the resistivity, making it impossible to follow the temperature dependence in a 
wide range below room temperature. 
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Figure 3.5. Temperature dependence of the low-voltage tunneling resistance in films of CNT wrapped by 
1L (black squares), 2L (red triangles) and 3L (green dots) of polymer. Lines are guides to the eye. 
 
 
Therefore, the method presented here constitutes a valid tool for tuning the conductance 
of random CNT films in a wide temperature range, which is applicable to SWCNTs and 
MWCNTs.  
 
This method of control of the conductivity opens new opportunities for the use of dense 
networks of random CNTs in plastic electronics. In particular, we think this approach 
could provide a more efficient way to integrate a homogeneous polymer layer as an 
efficient and flexible dielectric between the gate and the nanotube network in field 
effect transistors. 
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3.4  Conclusions 
In summary, we have described a chemical method to wrap individual CNTs with a 
given number of polymer layers. Through a posterior filtering strategy we have 
demonstrated the possibility of making homogeneous films of coated CNTs in which 
the distance between tubes is determined by the number of polymer layers surrounding 
each individual tube. Electrical conductivity and thermoelectric power experiments at 
different temperatures show that charge filtering at the interface barrier provides an 
effective method to tune the electrical conductivity in these films. We also think this 
method could be exploited in the fabrication of plastic transistors, by adjusting the 
dielectric properties and thickness of the polymer film. 
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 Chapter 4 
 
 
 
 
 
Controlled deposition of magnetic nanoparticles onto carbon 
nanotube networks for tuning their electron transport 
properties 
 
 
This chapter involves the fabrication of nanotube networks with a magnetic material by 
following three different strategies. These synthetic strategies based on interactions 
between the nanotubes within the network, provides changes in their electronic 
transport. Thus, the electrical conductivity and the thermoelectric power have been 
studied. A special attention requires the electron transport through the CNT films by the 
presence of nickel nanoparticles as a magnetic material. That is why the magnetic 
properties as well as the magnetoresistant of the networks have been investigated. 
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4.1  Introduction 
Carbon nanotubes are believed to be one of the most promising building blocks for next 
generation nanoelectronics.
[1,2]
 The remarkable transport properties of CNTs are 
determined by their unusual electronic structure
[3]
 which arises from the confinement of 
electrons around the circumference of the CNT. The important features of CNTs are the 
quantized ballistic transport where electronic states form one-dimensional electron and 
hole sub-bands, which, in general, are separated by an energy gap.
[4,5]
  
The excellent electrical properties of CNTs make them ideal for their use as FETs. 
Indeed it has been shown that random networks of CNTs with an appropriate density 
can act as a conducting channel in a FET configuration.
[6,7]
 Moreover, CNT networks 
have the advantage of being high reproducibility at large scale production in contrast to 
SWNT-based FETs.
[8]
 Additionally, external electric and magnetic fields have been 
shown to produce a drastic effect on the electronic and magnetic properties of CNTs.
[9–
11]
 Therefore, the knowledge of these changes is required for successful applications of 
CNTs in nanodevices. 
Herein, we report a synthetic strategy that allows the controlled deposition of magnetic 
nanoparticles onto the surface of CNTs within a nanotube film. Thus, three different 
magnetic CNT networks have been obtained. The electronic transport of CNT films is 
studied by Seebeck coefficient measurements with or without the presence of a 
magnetic material and the resistance change when an external magnetic  field is applied, 
i.e. magnetoresistance (MR). 
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4.2  Experimental Section 
4.2.1  Chemicals 
 H2PtCl6 and K2PtCl4, sodium citrate, sodium borohydride and 
polly(allylamine)hydrochloride (70.000 g/mol), nickel chloride (98%) and hydrazine 
(anhydrous, 98%) were purchased in Sigma-Aldrich. MWNTs (5-15 µm length, 10-15 
nm diameter, 95% purity) were supplied by Nanolab (Boston). The water used in all 
experiments was ultra-pure water prepared in a three-stage Millipore Milli-Q Plus 185 
purification system. Cellulose acetate membranes (0.45 µm in pore size, 47 mm in 
diameter) were purchased in Millipore.  
4.2.2  Polymer-wrapping Functionalization of Carbon Nanotubes 
CNTs were individually wrapped with a positive polyelectrolyte (PAH) using a non-
covalent functionalization based on a polymer wrapping approach
[12]
 (previously 
explained in chapter 2, section 2.2.1). 
4.2.3  Synthesis of spherical Platinum Nanoparticles 
Pt NPs were synthesized as published elsewhere.
[13]
 To a solution containing 43mL of 
ultrapure water, 2.5mL of sodium citrate (0.1 M) and 2.5mL of 0.05M H2PtCl6, and 
2.45mL of sodium borohydride (0.015 M) were added as reducing agent 
(citrate/H2PtCl6/NaBH4 in a molar ratio of 2 : 1 : 0.3). The solution was magnetically 
stirred for 10 min. 
4.2.4  Synthesis of dendritic Platinum Nanoparticles 
Dendritic Pt NPs were synthesized as follows: to a solution containing 21.52 mL of 
ultrapure water, 1.25 mL of sodium citrate (0.1 M) and 1.25 mL of K2PtCl4 (0.1M), 
1.22 mL of sodium borohydride (0.0158 M) was added (citrate/K2PtCl4/NaBH4 in a 
molar ratio of (1:1:0.15). The solution was stirred for 10 minutes 
4.2.5 CNT network fabrication 
Nanotube networks were synthesized by following the scheme 4.1. 
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4.2.5.1 Synthesis of CNT network with Ni-Ni interactions (route I). The synthesis of 
this film (sample I) involves two steps: the NP deposition onto CNTs and the Ni growth 
onto the platinum coated CNTs. 
-NPs deposition onto CNTs: CNTs@PAH (12 mL, 0.016 mg/mL) was added to 50 mL 
of spherical Pt NPs (0.5mM). After 1h, the solution was centrifuged three times (3500 
rpm, RT, 20 min) and redispersed in 20 mL of ultrapure water removing non-adsorbed 
Pt NPs. 
-Ni growth onto CNTs@Pt: 20 mL of CNTs@Pt dispersion (0.11 mg/mL) were added 
to an aqueous solution of 50 mL containing a NiCl2 stock solution (0.480 mL, 0.25M) 
and hydrazine (0.960 mL, 2.5M). The mixture was heated in a water bath at 40ºC during 
3h. Then, it was centrifuged at 4000 rpm during 20-30 min at room temperature three 
times, redispersing the product twice in water and finally in EtOH. The sample was 
storage in EtOH. Finally, the magnetic CNT film was obtained by filtering 5 mL of 
CNT@Pt@Ni aqueous solution by means of a syringe through an acetate cellulose 
membrane. 
4.2.5.2 Synthesis of CNT films with CNT-CNT interactions (route II). Two different 
samples (samples d and s)  were obtained. 
- The synthesis of sample II-s consists in the filtration of 5 mL CNTs@PAH (0.017 
mg/mL) dispersion using a syringe through an acetate cellulose membrane, and the 
subsequent filtration of 15 mL (0.5mM) spherical Pt NPs dispersion. For the Ni 
formation, the film was immersed into a solution of 60 µL of NiCl2 (0.25M), 120 µL of 
N2H4 (2.5M) and 10 mL of ultrapure water at 40º during 3h. Finally, the CNT film was 
washed several times with ultrapure water. 
-The synthesis of sample II-d is similar to the previous one just differs on the strategy 
used for the deposition of Pt NPs onto the CNTs. In this case after the filtration of the 
CNTs@PAH dispersion the film was introduce into a solution of Pt NPs (0.5mM) for 
24 h to ensure a good coating of the CNTs. The film was washed several times with 
ultrapure water to remove the free Pt NPs. For the Ni growth, the film was immersed 
into a solution of 60 µL of NiCl2 (0.25M), 120 µL of N2H4 (2.5M) and 10 mL of 
ultrapure water at 40º during 3h. 
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4.2.5.3  Synthesis of CNT films with Pt-Pt interactions (route III). The fabrication of the 
sample III consists on the individually coating of CNTs with spherical Pt NPs and the 
posterior syringe filtration (10 mL, 0.0008 mg/mL) through an acetate cellulose 
membrane. The Ni growth was carried out by immersing the film into a solution (280 
µL of NiCl2 (0.25M) and 560 µL of N2H4 (2.5M)) at 40ºC during 3h. 
 
Scheme 4.1. Representation of the methods used for the fabrication of carbon nanotube networks with Ni-
Ni interactions (route I), CNT-CNT interactions (route II) and Pt-Pt interactions (route III).  
 
4.2.6  Thermoelectric Power measurements 
The thermoelectric power was measured as a function of temperature in a 5 × 1 mm 
piece of the film, mounting on a thermal insulating fiberglass fiber. The employed 
technique has been described in chapter 3. The base temperature was changed with a 
continuous flow cryostat, with the sample under vacuum (10
-5
 Torr). Then, the 
thermoelectric power was determined by fitting the linear V vs ΔT response to a heating 
pulse. 
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4.2.7  Electric Resistivity measurements 
The electrical resistivity was measured as a function of temperature in a continuous 
flow cryostat with the sample under vacuum, from 5 K to room temperature. We used 
four contacts, and I/V experiments were measured with a 6221 ac/dc current source and 
a 2182A nanovoltmeter, both from Keithley. 
4.2.8   Magnetoresistance measurements 
Magnetoresistance measurements were carried out using a Physical Property 
Measurement System (PPMS). The MR of the samples was measured at 5 and 100 K 
using a magnetic field up to 70 kOe. 
4.2.9    Magnetic measurements   
The magnetic properties of the nanotube networks were measured using a 
Superconducting Quantum Interference Device (SQUID). Magnetization versus applied 
magnetic field curves were taken up to 30 kOe at 5K. 
4.2.10   Nanotube networks characterization 
Nanotube films were analyzed by using a transmission electron microscopy (TEM) 
JEOL JEM1010 operating an acceleration voltage of 100 kV and a scanning electron 
microscope (SEM) JSM 6700F operating an acceleration voltage of 10 kV. For TEM 
measurements, a piece of the CNT network was immersed in an ependorf with ultrapure 
water and sonicated in order to separate the sample from the cellulose acetate 
membrane. Then, a drop of this dispersion was placed on a TEM grid and dried at room 
temperature. 
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4.3  Results and Discussion 
4.3.1  Electron transport of magnetic CNT films 
The study of the electron transport properties was carried out in all samples: samples I, 
II-s, II-d and III. While the electronic transport of sample I it was impossible to measure 
because the film was highly resistive due to the high quantity of Ni and NiO present in 
the sample, the other samples were characterized by I-V measurements observing that 
the electrical resistivity of the samples can be modified by the presence of the Ni 
coating. 
 
Figure 4.1. Temperature dependence of the low voltage resistance (RLV) of the samples II-s (spherical 
NPs), II-d (dendritic NPs) and sample III. (left) Inset: Detail of the I-V curves for sample II-s to extract 
RLV. 
In order to study how the resistivity is modified with the Ni coating, I/V curves of the 
magnetic CNT networks were measured at different temperatures, from 5 to 310 K. 
From figure 4.1, below 100 K and at low voltages a non-linear behavior can be 
observed for the nanotube films synthesized by II route. (samples II-s and II-d). The 
value of the non-ohmic resistance at low field can be obtained by subtracting the ohmic 
contribution, as it is described in equation 4.1. There is an increasing resistance at low 
temperatures due to an energy barrier for the charge transfer from nanotube to nanotube. 
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However, at higher temperatures this energy barrier can be overcome reducing the 
resistance and making possible the conduction from tube to tube. By comparing II-s 
with II-d it can be observed that the sample II-d (with dendritic NPs) shows a lower RLV 
than the sample II-s (with spherical NPs). This decrease could be related to the change 
of the conduction mechanism in the nanotube film. In the case of the samples with Ni, 
the conduction seems to change from a tunneling intertube transfer to the conduction 
though Ni. Therefore, the sample with dendritic Pt NPs has a thicker Ni layer than the 
case of CNT networks with spherical Pt NPs in which the tubes do not present a 
completely nickel coating. In the case of sample III the linear regime can be reached at 
higher temperatures observing a higher resistance to the conduction than the resistance 
shown by the samples synthesized by the II route. 
 
Figure 4.2. Temperature dependence of the low-voltage resistance in magnetic CNT films II-s and II-d 
(CNT-CNT interactions) and III (Pt-Pt interactions). 
The temperature dependence of the RLV for samples II-s, II-d and III shows a higher 
non-linear resistance of sample III compared to the resistance observed for the networks 
II-s and II-d. (Figure 4.2). In this later case, the CNTs composing the film are closer to 
each other making an easier electronic transport than in the case of the films with Pt-Pt 
interactions where the Pt NPs would act as a barrier to the intertube charge transfer. 
Sample II-s (spherical NPs) shows increasing resistances at low temperatures while 
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decreasing exponentially at higher temperatures. On the contrary, a slower decreasing 
RLV is obtained for sample II-d (dendritic NPs) which is close to 2  above 60 K. 
Due to the high resistivity shown by sample I, and the higher low-voltage resistance of 
sample III it is worth to focus on samples II-s and II-d which are more promising.  
 
4.3.2  Characterization of samples II-s and II-d  
4.3.2.1 Electron microscopy characterization 
Scanning electron microscopy (SEM) analyses of the nanotube networks II-s and II-d 
were performed. From figure 4.3 (a) and (c), an homogeneous and uniform attachment 
of spherical and dendritic catalytic Pt NPs onto CNTs can be observed after the 
filtration/immersion of Pt NPs in the film. These NPs can be attached to the surface of 
CNTs by van der Walls attractions taking the advantage of the negative charge of the Pt 
NPs and the positive charge of PAH-wrapped CNTs.
[14]
 The non-covalent 
functionalization of CNTs which allows the coating of the CNTs preserves at the same 
time the sp
2
 hybridization of the CNTs and their electrical properties.
[15]
  It is specially 
to note that this NP coating occurs over the majority of  the CNT surface but still there 
are some CNTs which present a clean surface of NPs (see figure 4.3 (c)).  
In order to exanimate the Ni growth, SEM images of the CNT films before and after the 
formation of the Ni layer were carried out. So, in the case of sample II-s (spherical NPs) 
a thicker layer of Ni was obtained by taking advantage of the catalytic behavior of Pt 
NPs (compare figure 4.3 (b) with (a)). For sample II-d (dendritic NPs) a successful and 
broader Ni growth can be observed (figure 4.3 (d)). The brighter NPs in figure 4.3 (d) 
are related to the formation of Ni which was analyzed by using a secondary electron 
imaging. All SEM analyses of these CNT films show the achievement of random 
networks with magnetic material. The growth of Ni is higher for the films with dendritic 
Pt NPs (sample II-d) than the networks with spherical NPs (sample II-s). This is due to 
the higher catalytic activity of the dendritic Pt NPs in contrast to the spherical ones.
[16]
 
Therefore, it is worth to point out the catalytic activity dependence on the NP 
morphology. 
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Figure 4.3. SEM analyses of carbon nanotube networks with CNT-CNT interactions for sample II-s 
(figures (a) and (b)) and sample II-d (figures (c) and (d)). Figures (a) and (c) correspond to the CNT film 
with Pt NPs and figures (b) and (d) to the CNT networks after growing a Ni layer. All scale bars 
correspond to 100 nm. 
The formation of the Ni layer responds to catalytic behavior of the Pt NPs. The 
mechanism of the formation of a polycrystalline Ni shell
[17]
 involves the decomposition 
of the hydrazine onto the catalytic Pt NPs generating a charged metallic surface with the 
consequent reduction of Ni
(II)
 complex to Ni
(o)
 and so producing a continuous Ni layer. 
 
Figure 4.4. Mechanism of the Ni reduction on the walls of the CNT/Pt nanocomposite. Step I consists in 
the decomposition of the hydrazine on the surface of Pt NPs and step II corresponds to the reduction of 
the hydrazine/Ni complex on the charged Pt surface. (Reproduced from reference number 4). 
But the aim of these synthetic strategies relies on a developed method to allow the 
control of the electron transport in the different CNT networks through a magnetic 
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material. So, by varying the interactions in the films with magnetic nickel it is possible 
to tune the electrical conductivity and the thermoelectric power. 
4.3.2.2. Magnetic properties   
The presence of Ni was also confirmed by measuring the magnetic properties of the 
films II-s and II-d. Figure 4.5 shows the hysteresis loop at 5K of the samples II-s and II-
d compared to networks of CNT with one layer of PAH; by means recording 
magnetization (M) versus the field applied (H) with a SQUID magnetometer. A 
ferromagnetic behavior of the samples of the samples II-s and II-d was observed in 
contrast to the diamagnetic response shown by a network of CNT/PAH (1 layer).  In 
this latter case, the induced magnetic moments are opposite to the applied field. In 
sample II-s, all magnetic moments are aligned with the applied field reaching a 
saturation magnetization (Ms) of 0.00028 emu and coercivity (Hc) up to 330 Oe. A 
higher magnetic response was shown by sample II-d with a Ms of 0.00047 emu and 
higher coercivity (Hc), about 800 Oe. This response is due to the high amount of Ni 
present in the sample. 
 
Figure 4.5. Magnetic field dependent magnetization at 5 K of the films of CNT/PAH with 1 layer (green 
circles) and of the magnetic networks II-s (black circles) and II-d (red circles). (Inset: detail of the open 
hysteresis loops). 
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4.3.2.3 Thermoelectric power   
The thermoelectric power of the CNT/PAH network is positive indicating a dominant 
contribution of hole carriers which increases with the temperature as the materials of p-
doped SWNTs do.
[18,19]
 The room temperature thermopower observed is in agreement 
with the value reported by Meng et al.
[20]
 However, in the case of the sample II-s 
(spherical NPs) a negative seebeck effect is observed. This opposite behavior is related 
to the amount of Nickel which has a negative Seebeck coefficient.
[21]
 In this case, the 
majority carriers which involve the conduction are electrons. 
 
Figure 4.4. Comparison of the temperature dependence of the thermoelectric power of the samples II-s 
and II-d compared to films of CNTs with 1 layer of PAH. 
However, sample II-d (dendritic NPs) shows an opposite behavior observing a positive 
thermopower. Such difference in the Seebeck coefficient is related to the Pt NP 
morpholgy which plays an important role in the formation of the Ni layer since Pt NPs 
act as catalytic sites to promote Ni growth. The dendritic morphology of the NPs 
induces a better and thicker coating as it has been demonstrated by SEM (figures 4.3 (c) 
and (d)) making at the same time a notably impact on the Seebeck values obtained. This 
catalytic behavior is due to the presence of corners and edges in the dendritical NPs.
[16]
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These results show the tuning of the Seebeck coefficient at room temperature from 26 to 
-12.4 µV/K depending on the morphology of the catalytic particles for the Ni growth. 
 
4.3.2.4 Magnetoresistance  
In order to see how the electron transport can change when a magnetic field is applied, 
magnetoresistance measurements were carried out. These measurements relies on the 
change in the resistance of the nanotube films coated with Ni under the effect of a 
magnetic field.  
 
Figure 4.5. Magnetoresista response of the magnetic nanotube films II-s and II-d at 5 and 100 K.. 
Figure 4.5 displays the magnetoresistance obtained at 5 and 100 K for samples II-s and 
II-d. The MR at 5 and 100 K shows the same response when no magnetic field is 
applied by showing no resistance (RH) therefore no MR is obtained. However, the MR 
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decreases to negative values when an external magnetic field is applied (positive and 
negative H). The MR obtained at 5 K for sample II-s is approximately 5% which 
decreases up to 1.3% at 100 K. This is in accordance to the temperature dependence of 
the resistance. So at higher temperatures, the MR is smaller than in the case of lower 
temperatures. The value of 5% of MR is characteristic of polycrystalline Nickel which 
is in agreement with the negative Seebeck coefficient obtained revealing the presence of 
the magnetic Ni. Sample II-d shows a higher MR (10%) what it means that the 
electronic transport of CNTs is modified by the presence of the magnetic field in 
contrast to sample II-s where the conductance is referred to the Ni but not to the CNTs. 
This effect could be related to the fact that CNTs are more homogeneously coated with 
Ni in sample II-d than in sample II-s. 
 
4.4  Conclusions 
In summary, we have described three main strategies to obtained magnetic nanotube 
networks with different interactions providing differences in the electron transport. It is 
particularly relevant the role of the catalytic activity of the different Pt NP used 
(dendritic and spherical). Thus, a faster growth of the Ni shell was obtained when 
dendritic nanoparticles that shows higher catalytic activity were used. This difference on 
the Ni growth is critical for the final properties of the magnetic film. Thus, a 
ferromagnetic behavior was obtained for both CNT films where the CNT-CNT 
interactions are preserved. However, a higher magnetic response was achieved for the 
network containing dendritic Pt NPs compared to the network with spherical NPs, due 
to the faster growth of Ni on the first case. Additionally, the magnetic film obtained 
using spherical Pt NPs shows a negative seebeck coefficient in agreement with the one 
reported for polycrystalline nickel. In contrast with the positive seebeck observed when 
dendritic Pt NPs are used. Thu, the electrical conductivity as well as the thermoelectric 
power can be modified attending to the interactions within the network. 
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 Chapter 5  
 
 
 
 
Tuning the biomineralization process for controlling the 
nucleation and oriented growth of Ca−P crystals onto 
functionalized carbon nanotubes 
 
 
Herein we present a biosynthetic approach for the control of the nucleation and oriented 
growth of Ca−P crystals onto carbon nanotubes. This method based on the adequate 
modification of a biomimetic process allows the Ca−P growth from amorphous to 
crystalline phases. Interestingly, carbon nanotube walls have been shown to drive the 
growth orientation of the inorganic crystals. Furthermore, the growth of these Ca−P 
crystals occurs from a Ca-rich disorder interface, which is formed on carbon nanotubes 
during the first incubation steps. These findings are critical and have shown the 
potential of carbon nanotubes for the production of superior Ca−P structures to mimic 
the real bone properties. 
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5.1  Introduction 
Ca−P composites and in particular hydroxyapatite (HA) are probably the most 
promising candidates for the replacement of damaged bone tissue. Their particular 
composition and structure, similar to the mineral component of bone, is one of the main 
reasons for their ability to promote bone growth. Thus, it forms a stable bond of 
carbonated apatite at the HA/bone interface through a process of dissolution, 
precipitation, and ion exchange.
[1]
 However, the poor mechanical properties of HA 
compared with bone limit its clinical applications. Thus, the use of a reinforcement 
material comprises the main strategy to overcome these limitations. In this context, 
carbon nanotubes (CNTs) represent an excellent alternative as reinforcement material 
due to their unique structure-dependent mechanical and electronic properties, together 
with their high aspect ratio.
[2]
 Typically, they possess a high strength as well as a similar 
size to the collagen fibrils in bones. Their use prevents the growth of cracks, enhancing 
the toughness of the composite, and usually results in an improvement in both stiffness 
and strength.
[3]
 All these advantages, besides the low density of CNTs needed, make 
them excellent candidates for the construction of scaffolds for bone tissue engineering. 
 
Synthetic efforts regarding the introduction of CNTs in a host matrix have been 
thoroughly summarized.
[2,4,5]
 In particular, for the preparation of HA/CNT composites, 
three main approaches are commonly used: coprecipitation,
[6]
 mechanical mixing,
[7]
 and 
the biomimetic process.
[8]
 The latter is of particular relevance because, in the presence 
of simulated body fluid (SBF), it mimics the nucleation and growth of HA in natural 
bone. This process also offers additional advantages such as the production of organized 
nanostructures over large areas in a varied range of compositions.
[9,10]
 
 
However, further understanding and development regarding the growth of HA on CNTs 
will lead to the production of superior structures for application as biomaterials. Hence, 
in this work we focus on the study of calcium phosphate growth on the CNT surface 
through modification of the physiological fluid. The biomimetic process allows one to 
tune the molar ratio P/Ca (given as an important parameter for cell promotion) and also 
its structure from amorphous to crystalline. Both are key issues because different types 
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of bond tissues require scaffolds with dissimilar properties. Additionally, due to the 
similarity between CNTs and the collagen fibrils, nanotubes can simulate the 
physiological function of the collagen, which is aligned in a parallel manner and which 
directs the growth of HA in real bone. Therefore, the role of the carbon support in the 
control of HA growth and crystal orientation is of particular interest and has been 
addressed in this work. 
 
5.2  Experimental section 
5.2.1  Chemicals 
 ulbecco’s phosphate-buffered saline (PBS) was purchased from Sigma. Multiwall 
carbon nanotubes (MWNTs) (10-15 nm in diameter, 5−15 μm in length) synthesized by 
plasma-enhanced chemical vapor deposition (PECVD) were provided by Nanolab 
(Boston) as a powder. The water used in all experiments was prepared in a three-stage 
Millipore Milli-Q Plus 185 purification system with a resistivity higher than 18.2 MΩ 
cm. 
5.2.2  Oxidation of CNTs 
Carbon nanotubes were oxidized by following a covalent functionalization which relies 
on a defect side chemistry:
[11]
 200 mg of MWNTs were sonicated for different times (2, 
4, and 6 h) in 200 mL of a mixture of H2SO4/HNO3 (3:1). Afterwards the sample was 
washed first with a dilute NaOH aqueous solution and then three times with water by 
centrifugation at 3000 rpm redispersion cycles. Finally, the oxidized MWNTs were 
dispersed in water, obtaining a stable dispersion. 
 
Scheme 5.1. Representation of the CNT structure after the oxidation process. The surface of CNTs is 
functionalized with carboxylic groups. 
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5.2.3  Incubation of oxidized CNTs in in calcium phosphate solutions 
1 mL of oxidized CNTs at a concentration of 0.11 mg/mL was dispersed in 50 mL of 
calcium phosphate solutions and incubated at 60°C for 24, 72, and 168 h. After each 
period of incubation, CNTs were separated from the dispersion by centrifugation and 
washed with deionized water in order to remove impurities. 
Composition of calcium phosphate solutions: 
-The acellular simulated body fluid (SBF) used was 1.5SBF, 1.5 times the ion 
concentration of standard SBF (See Table 5.1). It was prepared by dissolving reagent 
grade NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2·2H2O, and Na2SO4 in 
water at appropriate proportions, following the method reported elsewhere.
[12]
 The 
solution was buffered at pH 7.4 with trishydroxymethylaminomethane 
((HOCH2)3CNH2) and 1.0 M hydrochloric acid (HCl). 
-The  ulbecco’s phosphate-buffered saline (PBS) used has the following composition: 
NaCl (8 g/L), CaCl2·2H2O (0.133 g/L), KH2PO4 (0.2 g/L), Na2HPO4 anhyd. (1.15 g/L), 
KCl (0.2g/L), and MgCl2·6H2O (0.1 mg/L). 
 
Ion SBF 1.5SBF PBS 
Na
+
 142.0 213.0 144.8 
K
+
 5.0 7.5 3.7 
Mg
2+
 1.5 2.25 1.0 
Ca
2+
 2.5 3.75 1.2 
Cl- 147.8 221.7 143.8 
HCO3
-
 4.2 6.3 - 
HPO4
2-
 1.0 1.5 9.2 
SO4
2-
 0.5 0.75 - 
 
Table 5.1. Ionic concentrations (mM) of SBF, 1.5SBF and PBS solutions 
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5.2.5  Biomineralization process 
The formation mechanisms of calcium phosphate coatings through in vitro incubation in 
simulated solutions have been reported by a number of groups but with some 
discrepancies. Particularly, Kokubo et al.
[12]
 show that functional groups with negative 
charge induce the accumulation of solution ions that facilitates the transformation into 
bonelike apatite.  
In the case of oxidized carbon nanotubes, the presence of carboxyl groups at the surface 
makes them negatively charged. After incubation in the simulated fluid solution, the 
negatively charged surface combines electrostatically with the Ca
2+
 ions. As the 
concentration of Ca
2+
 ions at the nanotube surface increases, the charge becomes 
positive. Then, it starts the electrostatic attraction of negatively charged PO4
3−
 ions to 
form an amorphous calcium phosphate layer that will gradually transform into stable 
bonelike apatite or other calcium phosphate phases. 
 
 
Scheme 5.2. Schematic biomineralization process on CNTs. (a) The presence of carboxyl groups at the 
CNT surface makes it negatively charged; when incubated in simulated fluid solution, the negatively 
charged surface electrostatically attracts the Ca
2+
 ions from the solution. (b) A rich calcium amorphous 
interface is formed. (c) As more Ca ions approach the surface, a more-highly positively charged 
environment is created, and consequently combination with the negative phosphate ions to form 
amorphous calcium phosphate starts. (d) Gradually the layer is transformed into stable bone like apatite or 
other crystalline calcium phosphate phase. During this process the CNTs play a relevant role as template 
for the nucleation and oriented growth of the Ca-P crystals. 
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5.2.4  Hydroxyapatite characterization 
High Resolution transmission electron microscopy (HRTEM) images were performed 
by using a JEOL JEM-2010F with an accelerating potential of 200 kV and equipped 
with energy dispersive spectroscopy (EDS). 
 
5.3  Results and discussion 
Two different simulated fluids were used to study the biomineralization process on 
oxidized carbon nanotubes: phosphate-buffered saline (PBS) and acellular simulated 
body fluid (SBF). CNTs were incubated at 60 °C for 24, 72, and 168 h to study the 
apatite growth.  
 
5.3.1  Biomineralization process in PBS  
Figure 5.1 displays typical transmission electron microscopy (TEM) images of the PBS 
samples at different incubation times (PBS-24, PBS-72, and PBS-168). The coexistence 
of two different HA shapes, sheets and particles, was shown (Figure 5.1 (a)) even on 
samples with incubation times as short as 24 h. Higher-magnification TEM images 
clearly show sheets that can be as large as 200 nm in length (Figure 5.1b) but are only 
around 3.1 nm in thickness (Figure 5.1(d)).  
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Figure 5.1. TEM images of typical PBS samples where particles and sheets are present. (a) TEM image 
showing the CNTs, sheets, and particles. (b) Usual morphology of large sheets. (c) Particle and sheet 
growth on CNTs. (d) Sheets in section. Incubation time is 24 h (a), 72 h (b), and 168 h (c, d); scale bar is 
50 nm (a, b, c) and 10 nm (d). 
 
Crystallographic analyses and energy dispersive spectroscopy (EDS) carried out over 
sheets and particles formed in PBS samples (168 h of incubation time) determined the 
existence of two different crystalline phases, hexagonal hydroxyapatite (HAP) and 
triclinic octacalcium phosphate (OCP). The EDS analyses also confirm the presence of 
P and Ca in both sheets and particles (Figure 5.2).  
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Figure 5.2. EDS large area spectrum of the sample incubated for 168 hours in PBS, demonstrating the 
presence of phosphorous, calcium, and traces of magnesium, among others; the presence of copper is 
attributed to the TEM grid support. 
 
Fourier transform (FT) carried out on sheets perpendicular to the electron beam shows a 
[1010] zone axis of the HAP like structure (Figure 5.3 (c)). Their lattice distance of 3.44 
Å fits quite well with the value 3.442 Å corresponding to the interplanar distance of 
(0002) planes for P63/m hydroxyapatite (HAP).
[13]
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Figure 5.3. TEM images of a typical PBS sample. (a) HRTEM image of a sheet showing the interplanar 
distance of 3.44 Å between (0002) planes. (b) TEM image at low magnification showing the sheet and the 
CNT. (c) FT of the image (a) indexed on the basis of HAP in the [10−10] zone axis. Scale bar is 10 nm 
(b) and 2 nm
−1
 (c). 
 
The different contrast found in TEM images of particles and sheets is evidence of higher 
thickness values for particles than sheets in the electron beam direction (Figure 5.1 a,c). 
Particles look dissimilar to sheets showing size values of about 30 nm and sharper 
edges. Therefore, due to the smaller size of the particles and the fact that almost all of 
them are joined to the nanotube’s surface, they are excellent candidates to study the role 
of the CNTs on the nucleation and directional growth of HA. The interplanar (two 
planes) distance of 6.41 Å obtained from the high-resolution transmission electron 
microscopy (HRTEM) image (Figure 5.4 (a)) matches the value extracted from the 
corresponding spots of the Fourier transform (Figure 5.4 (c)). This value fits with the 
dhkl of the (101) planes corresponding to the OCP crystalline structure. Thus, the 
particles grown onto the CNT walls possess an OCP instead of a HAP structure of the 
sheets. 
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Figure 5.4. TEM images of a typical PBS sample. (a) HRTEM image of a particle grown on the CNT 
surface, where the interplanar distance is 6.41 Å. (b) FT of the area (square b) corresponding to CNT 
multilayer with values of 3.41 Å. (c) FT of the area (square c); the arrow indicates the spot assigned to 
(101) OCP planes with dhkl of 6.41 Å; it should be noted that these planes are almost parallel to the 
multilayers of the CNT. Scale bar is 5 nm (a) and 5 nm
−1
 (b, c). 
 
The gathered EDS data shown in figure 5.5 also support this assumption of different 
HAP and OCP crystalline structures for sheets and particles, respectively. 
Semiquantitative atomic concentrations suggest lower P/Ca ratios for sheets than for 
particles. This result agrees with the general trend of the P/Ca ratio calculated from the 
stoichiometric composition of both crystalline phases. Additionally, it has been already 
shown that, in solution conditions close to physiological systems, both crystalline 
phases can coexist,
[14]
 and they can even have common interfaces in the same 
particle.
[15]
 Furthermore, the OCP phase can be transformed in HAP which is 
thermodynamically more stable.
[16]
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Figure 5.5. EDS spectra of the samples incubated in PBS obtained from (a) a single particle, and (b) a 
sheet. The circles depict the area in the sheets for the measurement of the atomic P/Ca ratio by EDS 
microanalysis. 
 
The HRTEM analysis reveals that (101) planes corresponding to the OCP crystalline 
structure of the particles are almost parallel to the tangent plane of the layered multiwall 
structure of CNTs (Figure 5.4b, c). This fact represents the clearest evidence of the 
nanotube's role in the oriented growth of the HA layer. It is also interesting to note the 
presence of a disorder interface between the nanotube surface and the crystalline OCP 
(signaled with an arrow in Figure 5.4a and Figure 5.6). On the other hand, taking into 
account the presence of this amorphous interface, as a first step in the formation of 
crystalline particles, the interpretation of the sheet's growth became very complex due to 
their greater lengths. Thus, the nucleation and growth process takes place at the 
nanotube surface, although the spaghetti-like morphology of the CNTs in solution 
favors the possible contact of a single sheet with several nanotubes. Therefore, the 
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above H TEM studies confirm that the growth and orientation of the Ca−P crystal 
structure are driven by the CNT template, as proposed by Haddon et al.
[8]
 
 
 
Figure 5.6. HRTEM image shows in detail the interface between the OCP particle and the CNT, the 
arrow points to the disorganized area of the crystal close to the CNT surface. 
 
5.3.2  Biomineralization process in SBF 
To study the influence of the fluid in the biomineralization process, a modified 
simulated body fluid (SBF) was used. Figure 5.7 shows typical TEM images of the SBF 
samples at different incubation times (SBF-24, SBF-72, SBF-168). CNTs immersed in 
SBF display a very different behavior than those obtained with PBS. The main 
difference resides in the lack of sheets and particles on the nanotube surface even on 
samples with larger incubation times, SBF-168 (Figure 5.7c, d). HRTEM analysis of 
these samples indicates the presence of a homogeneous amorphous layer on the CNT 
surface, while the multiwall structure of the nanotube is preserved underneath (Figure 
5.7d). Thus, even in the highest magnification images, there is no evidence of any small 
crystalline particle on the nanotubes. TEM images of samples obtained at different 
immersion times show that the thickness of the amorphous layer (5 nm) remains 
constant (Figure 5.7) independently of the time. The corresponding EDS analysis of 
these samples demonstrates merely the presence of carbon and oxygen and traces of 
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potassium and calcium, but it does reveal the lack of phosphorus in the amorphous layer 
(Figure 5.8). 
 
 
 
Figure 5.7. TEM images of a typical sample immersed in SBF. (a) Detailed view of a coated CNT 
showing the amorphous layer. (b,c) General view of the coated CNTs. (d) HRTEM image showing the 
amorphous layer over a side demonstrating that the structure of CNTs remains unchanged inside. 
Incubation time is 24 h (a), 72 h (b), and 168 h (c, d); scale bar is 5 nm (a), 20 nm (b), 10 nm (c), and 2 
nm (d). 
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Figure 5.8. (a) TEM image of the sample incubated for 168 hours in SBF, showing CNTs covered with 
an amorphous coating. (b) EDS spectrum obtained from the whole area of image (a), showing the absence 
of phosphorous in the amorphous layer. 
 
This work demonstrated a fast biomineralization process using PBS conditions, which 
takes place even at incubation times as short as 24 h. However, for SBF conditions, the 
biomineralization process was incomplete. In the latter, the formation of the amorphous 
interface stems from a low electrostatic recombination between the negatively charged 
nanotube surface and positively charged ions (Ca
2+
 and K
+
). Consequently, the 
incorporation of negatively charged PO4
3−
 ions needed to start the mineralization 
process does not occur. This is probably due to the low PO4
3−
 ionic concentration in the 
SBF fluid (see Table 5.1). We can conclude that, for a biomimetic process, the 
formation of an initial calcium disorder interface is needed when using both PBS and 
SBF conditions (see Figure scheme 5.1) 
  
 
5.4  Conclusions 
In summary, it has been shown that the growth of Ca−P oxides on oxidized CNTs can 
be readily modulated through the composition of the biomimetic fluid and incubation 
times. Calcium phosphate crystalline particles and sheets can be obtained in a PBS fluid 
at short incubation times, while amorphous layers are produced in SBF fluid for the 
same immersion times. Moreover, the growth of these Ca−P crystals occurs from a Ca-
rich disorder interface, which is formed on carbon nanotubes during the first phases of 
incubation. 
 
Furthermore, CNTs play a relevant role as a template for the nucleation and oriented 
growth of the Ca−P crystals during the biomineralization process. Therefore, the 
functions of collagen fibrils in a real bone could be replicated with CNTs. Thus, the use 
of parallel aligned CNTs as templates could mimic the structural composition and 
performance of real bones. Future work will be carried out in this context. 
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Chapter 6 
 
 
 
 
 
 
Fabrication of carbon nanotube fibers for their use as 
electromechanical actuators 
 
 
The reported high specific strength, specific stiffness and electrical conductivity of CNT 
fibers have pointed out their potential usefulness in many different applications. One of 
the intriguing applications is their use as electromechanical actuators which make 
nanotube fibers very promising materials. But a good actuator must present good 
electrical and mechanical properties which are some of the challenges to be achieved. 
By following a modified wet spinning method it is possible to achieve porous fibers of 
aligned SWNTs with high conductivity. However, the weak mechanical properties 
giving by the creep of SWNTs within the fibers are very far from the desired properties 
required. In order to overcome such an obstacle some strategies are here presented. One 
of the methods used is the inclusion of gold nanoparticles. The other ones remain in a 
crosslinking approach. This latter case is based on a non-covalent functionalization of 
CNT fiber with a specific pyrene and posterior crosslinking of pyrenes surrounding the 
nanotubes or the fabrication of CNT fibers with a small content of a polymer (PVA) 
with a consequent PVA crosslinking. 
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6.1  Introduction 
The outstanding mechanical and physical properties of individual CNTs have provided 
the interest for researchers in developing high-performance macrostructures based upon 
CNTs, such as CNT arrays, films, and fibers, which can be handled much more 
conveniently than the individual CNTs. Nanotube fibers have important relevance due 
to their good electrical and thermal conductivities. Particularly, SWNT fibers have been 
investigated due to their high mechanical properties offering 10-fold higher strength 
compared to high quality bucky papers.
[1]
 It must be pointed out their potential use as 
electromechanical actuators based in electromechanical cells. So, nanotube fibers are 
able to convert the electrical into mechanical energy, which has generated much interest 
in scientists. The mechanisms involved in an actuator are related to a double-layer 
charge injection
[2]
 at the nanotubes surface which compounds the fiber. These 
mechanisms correspond to quantum mechanical and electrostatic effects which can 
induce actuation of the fiber resulting from a C-C bond modification and CNT 
deformation.
[1,3,4]
 In addition to the intrinsic elongation or contraction of the CNTs, the 
whole assembly can also deform in response to ionic swelling of the structure.
[5]
  
 
Scheme 6.1. Representation of the charge injection in CNT-based electromechanical actuator: 
an applied potential injects charges in the two nanotube electrodes in solution. (red spheres 
represent positive ions and yellow spheres represent negative ions). (Reproduced from reference 
number 2).  
The dominant mechanisms are still debated and may depend on the type of used 
nanotubes (Multiwall or Single wall) and on the structure of the assembly. Nevertheless, 
it is interesting to stress that all these mechanisms do not involve any red-ox reactions. 
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The actuation behavior is referred to as a purely capacitive. This is in contrast with 
conducting polymer actuators that exhibit electromechanical responses associated to 
chemical reactions. The so-called faradic behavior often induces a degradation of the 
actuators. 
 
CNT fibers can be fabricated following the so-called wet spinning approach, which 
consist in spinning a CNT solution
[6–8]
 or by following the dry spinning. In this latter 
case, the spinning can be done from: a vertically aligned CNT array previously grown 
on a substrate;
[9–11]
 a CNT aerogel formed in a chemical vapor deposition reactor,
[12–14]
 
or by twisting/rolling from a CNT film.
[15,16]
 The wet spinning approach reported by 
Vigolo et al.
[6]
 presents a good method for the formation of nanotube long ribbons and 
fibers. In this method, SWNTs are homogeneously dispersed in aqueous solutions of 
sodium dodecyl sulfate (SDS), stabilizing the nanotubes against van der Waals 
attractions. By injecting the SWNT dispersion into a polymer solution (5% of PVA) it is 
possible to obtain nanotube fibers since PVA is adsorbed onto the nanotubes displacing 
some SDS molecules. The main advantage of this method is the improvement of the 
mechanical properties due to the PVA chains in the nanotube fiber which enhance the 
load transfer efficiency between CNTs. The tensile strength and Young’s modulus 
found for these fibers are around 300 MPa and 40 GPa, respectively, which are higher 
than those of high-quality bucky papers
[1]
. However, the main drawback of this 
approach is their low electrical conductivity (around 10 S/cm at RT). This 
inconvenience corresponds to the presence of PVA within the fibers, which is a non-
conductive polymer and leads to lower conductivities than the ones reported for CNT 
sheets.
[17]
 CNT-PVA can be annealed at high temperature in order to remove the 
PVA.
[18]
 The resultant fibers are porous and more conductive. They can be used as 
electromechanical actuators but still exhibit several weaknesses. In particular remaining 
compounds from the degradation of PVA can react electrochemically and induce 
uncontrolled and undesired faradic phenomena. In addition and more critically the fibers 
exhibit creep due to the sliding of neighboring CNT along each other. As a consequence 
the fibers cannot generate a strong stress nor sustain a large mechanical load. The fibers 
irreversibly and continuously elongate when a load is applied. 
 
In order to avoid these problems fibers Ericson et al.
[8]
 proposed a method based on the 
wet spinning of SWNTs dispersions on sulfuric acid for the fabrication of fibers solely 
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CNTs avoiding the use of polymers or surfactants. The role of sulfuric acid relies on 
charging the nanotubes and promoting their ordering into an aligned phase of individual 
mobile SWCNTs surrounded by acid anions. However some authors
[17]
 claimed that 
special protective equipment is needed due to the protonation during the spinning. In 
order to avoid this inconvenient, other wet spinning methods which not require the use 
of sulfuric acid have also been developed.
[17,19,20]
 Steinmetz
[20]
 reported in 2005 the 
fabrication of  fibers composed of pure nanotubes avoiding the use of acids. But in this 
case, the resulting Young’s modulus shown by these fibers are lower than the reported 
for SWNT/PVA composite fibers. The same problem was found for the method 
followed by Zhang et al 
[19]
. Thus, new synthetic strategies for the improvement of both 
strength and electrical conductivity in CNT-fibers are highly needed for advantaged 
actuators. 
 
Herein, we have developed a synthetic approach based on a modified wet spinning 
method for the preparation of CNT-fibers with enhanced electrical and mechanical 
properties. This reference method is inspired from the work by Steinmetz et al.
[20]
 that 
proposes a fiber spinning method to produce bare CNT fibers from aqueous dispersions. 
The first modification comprises the inclusion of Au NPs into the CNT fiber, which will 
act as binders of nanotubes improving the mechanical as well as the electrical properties 
of the fiber. The second modification involves a strategy of crosslinking by means of a 
non-covalent functionalization of bare CNT fibers with pyrenes and consequent 
bridging to the pyrene surrounding the CNTs and the crosslink with glutaraldehyde in 
the case of PVA-fibers (5% in PVA). 
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6.2  Experimental Section 
 
6.2.1  Chemicals 
Sodium dodecyl sulfate (SDS), glycerol, hydrogen tetrachloroaureate (HAuCl4.3H2O), 
sodium hydroxide, KAuCl4, potassium nitrate, glutaraldehyde (25%), 1-pyrenebutyric 
acid N-hydroxysuccinimide ester (95%, PSE), 1-aminopyrene (97%, AP), poly(vinyl 
alcohol) (195K, 98% hydrolysis ratio), boric acid, 
tetrakis(hydroxymethyl)phosphoniumchloride (80% aqueous solution), N,N-
Dymethylformamide (DMF, 98%), HCl and H2SO4 were supplied by Sigma-Aldrich. 
HiPCo SWNTs (raw material, 0.8-1.2 nm diameter, 100-1000 nm length) were 
purchased from Unydim, Sunnyvale, California. Hydrophilic polyvynilidene fluoride 
(PVDF) membrane (0.22 µm pore size) was supplied by Merck Millipore. Water was 
purified using a Milli-Q system (Millipore).  
6.2.2 Fabrication of carbon nanotube fibers 
-Purification of SWNTs. The purification of raw HiPCo SWNTs is based on a thermal 
annealing with a subsequent HCl treatment. The first step purification involves the 
oxidation of Fe which act as catalyst and the removal of the amorphous carbon present 
in the sample. Usually 100 mg of HiPCo SWNTs were heating in air at 200ºC during 
8h. The oxidized sample was magnetically stirred at room temperature in 1L HCl (conc, 
37%) for 4h. This step corresponds to the removal of oxidized iron from the sample. A 
color change from yellow to green was observed due to the presence of Fe. Afterwards, 
the sample was filtered under vacuum over a PVDF membrane (0.22 µm pore size) and 
rinsed with MiliQ water until the pH was up to pH 5-6. The thermal treatment was 
repeated twice. Finally, purified SWNTs were kept wet in a vial. TGA measurements 
were performed after removing the water by heating the nanotubes at 200ºC during 24h. 
The total sample weight loss after two steps purification was 84.22%. TGA analysis 
shows about <8 % of iron impurities.  
 
-Synthesis of bare CNT fibers. A dispersion of 10mL of SWNT/SDS (0.35 and 1% 
respectively) was sonicated with a Branson sonication tip during 60 minutes giving a 
stable dispersion. The SWNT dispersion was slowly injected through a syringe needle 
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(0.5 mm in diameter, flow of 50 mL/h) into a coagulant solution (100 mL of 45% 
glycerol, 45% EtOH, 10% acetone) rotating at 40 rpm. So, nanotubes stuck each other 
producing a ribbon by a given flow. (See scheme 7.1). The excess of surfactant was 
removed by rinsing carefully the CNT ribbons with ultra-pure water. Finally, the fibers 
are extracted from the coagulant bath and dried vertically at air by the capillarity effect 
in a humidity controlled room. CNT fibers with a diameter ranging from 2 to 100 µm 
and 5 cm in length were obtained. 
 
 
Scheme 7.2. Representation of the experimental setup used to make nanotube ribbons. 
 
-Synthesis of PVA-CNT fibers (5% PVA). A dispersion of SWNTs (0.3%) in SDS 
(0.5%) containing 5% PVA (195K) was injected (50 mL/h) into a rotating coagulant 
solution of 100 mL of Glycerol (45%), acetone (45%) and ethanol (10%) containing 
0.1M of boric acid (40 rpm speed). The use of boric acid is related to a better form of 
the nanotubes ribbon produced and also because its dissociation produces few borate 
ions which help the PVA coagulation. The use of an acidic medium promotes also the 
coagulation of the nanotubes which often have carboxylic groups at their surface. When 
these groups are charged at high pH they can induce electrostatic repulsion that hinders 
their coagulation. Finally, nanotube fibers were rinsed in water to remove the SDS not 
desorbed from the nanotubes surfaces and dried at in a humidity controlled room. 
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6.2.3  Synthesis of Au seeds  
Gold seeds were synthesized as described elsewhere.
[21]
 By adding to 45.5 mL of water 
and in the following order 1.5mL of an aqueous solution of 0.2M NaOH, 1mL of a 
THPC solution (1.2mL of 80% aqueous solution diluted to 100mL with water) and 2mL 
of HAuCl4 25mM. In alkaline conditions, THPC acts as a reducing agent producing the 
reduction of Au (III) from the gold salt to Au (0). This reaction gives a brown-color Au 
seeds (1mM) negatively charged with a size ranging from 1 to 3 nm.  
6.2.4  Electrodeposition of Au NPs 
Au NPs were electrodeposited using cyclic voltammetry (CV) with a three-electrode 
arrangement. The nanotube fiber (WE) was immersed into an aqueous solution of 50 
mL of KAuCl4.3H2O (1mM) and KNO3 (0.2M). By applying charges following the 
parameters carried out by Dudin et al.
[22]
  it was possible to nucleate Au NPs. All 
measurements were done with a CH instruments Model 1140B potentiostat.  
6.2.5  Non-covalent functionalization of Nanotube fiber with pyrenes 
Nanotube fibers were synthesized as it was explained in section 7.2.2.1 to be later 
incubated during 1h into a solution of PSE (6mM, 50mL DMF). In this step, CNT fibers 
were non-covalently functionalized with the pyrene by π-π stacking. The excess of PSE 
was removed by washing the CNT fibers three times with DMF and they were dried at 
air for 1h. The second step involves the incubation of the PSE functionalized fibers into 
50 mL of 6mM of AP (DMF) for 1h. This step comprises the crosslinking of PSE and 
AP helping the SWNTs in the fiber to be closer to each other. The excess of AP was 
removed by washing three times with DMF to be later dried under N2. 
6.2.6  Crosslinking of PVA-fibers (5% in PVA) with Glutaraldehyde 
Nanotube fibers with 5% of PVA obtained following section 7.2.2.3 were immersed 
into a solution of 50 mL of 2.5 x 10
-2
M of glutaraldehyde (1mM H2SO4) in a round 
bottom flask of 100mL and heated at 80ºC during 1h. The final cross-linked composite 
CNT fibers were rinsed with water to remove the excess of glutaraldehyde and dried at 
room temperature. 
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6.2.7  Electromechanical testing 
The electromechanical properties of nanotube fibers were measured with a three 
electrode device and a force sensor as it is shown in scheme 7.3. The three electrode 
composed by a working electrode (WE, CNT fiber), a counter electrode (CE, Pt mesh) 
and a reference electrode (RE, Ag/AgCl) are immersed into an electrolyte (sodium 
chloride, 1M) and connected to a potentiostat (model 1140B, electromechanical 
analyzer from CH Intruments, Inc.). The nanotube fiber is stimulated with the 
potentiostat and it is fixed to a lever arm of a force sensor (300C-LR, Dynamic Muscle 
Control, Aurora Scientific Inc). Isometric (L= cst) and isotonic measurements were 
performed in order to respectively study the stress and the strain generated by the fiber. 
In practice, the fiber is stretched under a given mechanical pre-load. An oscillatory 
square voltage is then applied between the fiber and the reference electrode. The strain 
is kept fixed in isometric conditions and variations of stress are deduced from variations 
of forces measured by the force sensor and normalized by the cross-section of the fiber. 
In isotonic conditions, a minimal pre-load is applied in order to stretch the fiber. This 
load is kept constant and the strain of the fiber is measured by the force as the 
oscillatory square voltage is applied.  
 
Scheme 7.3. Representation of a three electrode device connected to a force sensor to perform 
electromechanical measurements of the fiber. Isometric measurements (L= cst) are carried out 
measuring the stress generated by the CNT fiber. 
6.2.8  Electromechanical Capacitance 
The electromechanical capacitance of the fibers is deduced from cyclic voltammetry 
experiments at different scan rates from 5 to 15 mV/s.  
At one fixed voltage (usually the one which shows a flatter CV) the values of a positive 
and negative current can be known and so, the current difference (Δi, in Ampers, A) as 
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well. Consequently, by representing Δi versus the scan rate (mV/s) it is possible to 
achieve the capacitance. The capacitance (in Farads, F) corresponds to the slope of the 
straight line. The capacitance (in F/cm
3
) is referred to the length of CNT fiber  
immersed and the surface area of the CNT fiber which can be obtained by SEM. 
6.2.9  Electrical Conductivity 
The resistance (Ω) of the nanotube fiber was measured with a Keithley 2000 instrument 
between two silver paints contacts. And the conductivity (S. cm
-1
) of the CNT fiber was 
obtained by following the next equation: 
   
     
          
                            
 
where A is the surface area (in cm
2
) of the fiber and l immersed refers to the CNT fiber 
immersed into electrolyte (in cm). 
6.2.10 CNT fibers characterization 
Scanning Electron Microscopy analyses were performed by using a SEM TM-1000 
(tabletop microscope, Hitachi), Field Emission Guns SEM (FEG-SEM) and a JEOL 
JSM 6700. Thermogramivetric analyses were carried out by using a TGA-16 from 
SERATAM instrumentation. 
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6.3  Results and discussion 
In this section are described the strategies carried out to achieve better mechanical 
properties of the fibers to be suitable as electromechanical actuators.  
6.3.1  Inclusion of Au NPs 
The inclusion of Au NPs could be a useful strategy because they could act as binders 
between SWNTs anchoring them and so reinforcing the CNT fibers. 
- Infiltration of Au seeds 
In order to check the presence of Au NPs, cyclic voltammetry and SEM were performed 
after immersing the bare CNT fiber into a solution of Au seeds of 2 nm in size for 24 
and 48 h. So, by running CVs from -0.4 to 1.2 V at scan rates of 5, 7, 10 and 15 mV/s a 
good capacitance of the fiber was obtained but any peak related to Au was observed. 
The lack of Au NPs was also confirmed with SEM (Figure 6.1(a)) as well as the results 
obtained by checking the actuating properties. Figure 6.1(b) shows the weak mechanical 
properties related to the SWNT creep in the fiber with an immersion time of 24h. Some 
parameters such as the immersion time were increased but the inclusion of Au seeds 
was not successful. Moreover, Au seeds which are negatively charged were coated with 
PVP in order to change the charge and be able to attach the Au NPs to the fiber. But no 
gold evidence was obtained. 
 
 
Figure 6.1. Cross-section SEM image of the CNT fiber (a) and representation of the mechanical 
properties of the fiber in which the stress generated by the fibers and the squared voltage applied 
are represented as a function of the time (b). 
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The stress globally and continuously decreases with time as a consequence of creep 
relaxation (Figure 6.1(b)). Small peaks of generated stress can be seen in response to 
voltage changes but these peaks are low because of the strong creep of the fiber. No 
stabilization of stress could be observed even after a long time. 
-Electrodeposition of Au NPs 
By immersing the CNT fiber into a solution of a potassium gold salt of 0.1M and by 
running CVs in a three electrode device it was possible to observe the formation of Au 
NPs. The Au electrodeposition was carried out following the conditions reported by 
Dudin et al 
[22]
. Figure 6.2 displays the cyclic voltammetry recorded at potential scan 
rate of 100 mV/s, commencing at +0.75 V with an initial sweep negative to -0.5 V, 
positive again to +1.2 V and then back to +0.75 V at scan rate of 0.1 V/s resulting in the 
appearance of two peaks. The first peak located at 0.6 V is related to the deposition of 
the gold salt while the second peak much broader observed at 0.4 V corresponds to the 
reduction of Au (III) to Au (0). Additionally, a fixed current at 0.2 V was applied during 
0.1 and 1 second to be finally examined by scanning electronic microscopy.  
 
 
Figure 6.2. Representation of the Cyclic Voltammetry when voltage is applied (a) and graphic 
of the fixed current applied at 0.2V during 1 second (b) to the nanotube fiber (WE). 
 
From the SEM pictures shown in Figure 6.3 it is possible to observe show the surface of 
the CNT fiber completely covered with Au NPs. By zooming in, a heterogeneous size 
of Au NPs can be clearly observed. Bigger NPs are produced at the outer surface of the 
fiber. Cross-section SEM images were performed to ensure the presence of Au NPs in 
the inner part of the fiber. However, almost no Au NPs were obtained in the inner part. 
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Figure 6.3. Representative Scanning Electron Microscopy surface (a) and cross-section images 
(b) of the nanotube fibers with Au electrodeposited. The inset image in (a) shows the different 
Au size as it is electrodeposited onto the surface of the fiber. (b) The inner part of the fiber 
remains clean of Au NPs offering a good contrast respect to the gold covered surface by using a 
back scattering detector. 
 
The actuating properties of the fiber studied in NaCl (1 M) show a decreasing stress (red 
line) with the time which does not follow the squared voltage applied (blue line). See 
figure 6.4. So, the Au electrodeposition method does not contribute to improve the 
mechanical properties due to the lack of Au NPs in the inner part of the fiber. So, 
SWNTs slide on each other observing a creep in the signal. 
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Figure 6.4. Representation of the mechanical properties by measuring the nanotube fiber with 
Au electrodeposited. The continuous decay of the stress corresponds to the presence of the 
nanotubes creep in the fiber.  
Again no stabilization of stress could be observed at long times and electrochemical 
effects are still barely seen considering the present strong creep. 
Different parameters such as gold salts, concentrations, cycling time, voltage and 
current applied were changed to avoid the creep of the nanotubes but no successful 
results were obtained. Therefore, some strategies which not require the use of gold were 
studied. 
 
6.3.2  Nanotube fibers functionalized with crosslink pyrenes 
The capacitance of the fiber was measured by applying CVs from -0.4 to 0.8 V at scan 
rates of 5, 7, 10 and 15 mV/s. Figure 6.5 (b) displays a good capacitance obtained 
related to the flatness of the graph. By treating the data at 0.4V in the graph, the value of 
the capacitance was 42.96 F/cm
3
. 
 
Figure 6.5. SEM cross-section image of the CNT fiber non-covalently functionalized with PSE 
and crosslink with AP (a) and Cyclic Voltametry giving a capacitance of 85.92 F/cm
3
. 
The actuating properties in figure 6.6 show better results than the case of functionalizing 
the fiber with PSE and by crosslinking afterwards with AP. By loading a stress into the 
fiber and by pulling it, the stress (red) generated by the fiber decreases slightly but 
following the squared potential applied (in blue). Also, a good response of the fiber is 
obtained maintaining a stress difference (ΔS) of 0.4 MPa. 
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Figure 6.6. Mechanical properties of the nanotube fiber functionalized with PSE and crosslink 
with AP. Test 1 represents the test of the fiber when a load is applied to the fiber (left) and test 2 
after letting stabilize the stress signal in test 1 and pulling again the fiber (right).  
By contrast to previously investigated materials, here the stress was found to stabilize 
after a certain time. This stabilization reflects a strong reduction of creep. 
The influence of the immersing time and concentration of pyrenes on the mechanical 
properties was also studied. By incubating the CNT fibers longer time (2 h) in PSE and 
AP no better results were obtained. This means that the time needed to functionalize the 
whole CNT fiber with PSE (6 mM) is 1h and also for the crosslinking pyrenes which 
will affect the actuating properties. 
In the case of using double concentrated pyrenes (PSE & AP 12mM) an improvement 
on the actuating response could be observed obtaining a stress difference of 0.75 MPa. 
 
Figure 6.7. Isotonic measurements. Study of the deformation (%, red) generated by the fiber 
functionalized with PSE and crosslink with AP when a pre-load of 15.2 MPa (a) and 20.5 MPa 
(b) is applied. 
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Besides, the isometric measurements in which the stress developed by the fiber is 
studied, isotonic performance were carried out to study the strain or deformation 
obtained by these fibers. In figure 6.7 the strain (%) generated by the fiber is studied as 
a function of the time. The fiber is stimulated with a squared wave potential respect to a 
Ag/AgCl electrode. The fiber is loaded with a pre-load (certain stress) in order to stretch 
the fiber. From the isotonic measurements, a monotonous increase of the strain with 
time can be observed. This is related to the high pre-loads applied revealing creep of the 
CNTs in the fiber.  
However, it is possible to observe that the rate of increase varies with the voltage 
applied.  So, when a positive voltage is applied (negative charges from the electrolyte 
go to the fiber) the strain increases very weakly. This means that the fiber elongates less 
so, creep and actuation work in opposite ways. But when a negative voltage is applied 
(positive charges from the electrolyte go to the fiber) there is a more pronounced strain 
increasing. This reflects that the fiber elongates. In this latter case, creep and actuation 
are working in the same way. 
Moreover, it is interesting to point out that the creep is more pronounced when the pre-
load applied is larger. (Compare Figure 6.7 (b) with (a)). 
 
6.3.3. CNT fiber (5% PVA) and crosslink with Glutaraldehyde 
CNT fiber can be functionalized with a concrete percentage of PVA in which PVA will 
surround the SWNTs. But a small content of PVA does not improve the mechanical 
properties observing a nanotube creep (Figure 6.8). This creep is observed when the 
fibers are used in an aqueous electrolyte. In such a medium raw PVA swells and cannot 
act as efficient binder. However, by crosslinking the PVA with glutaraldehyde it is 
possible to achieve better actuating properties. This crosslinking is produced by 
immersing the fibers into an acidic glutaraldehyde solution. Such process is accelerated 
under heating at 80ºC. In contrast to the CNT-PVA fibers, cross-linked PVA doesn’t 
swell in aqueous media and act as efficient binder. 
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Figure 6.8.  Weak mechanical properties of the CNT fibers with a PVA (5%)  
Figure 6.9 shows the Cyclic Voltammetries obtained for CNT fibers with of PVA. By 
treating the data from Figure 7.9 capacitance of 21.36 F/cm
3
 was obtained.  This 
capacitance increases to 33.63 F/cm
3
 after running pulses for 1h in NaCl 1 M. This is in 
accordance to the enhanced accumulated charges surrounding the SWNTs after 
applying positive and negative voltage during 1 h. This demonstrates that the CNT fiber 
can accumulate charge obtaining a higher capacitance. It is important to note the 
absence of any red-ox reactions as required for actuator applications based on purely 
capacitive mechanisms. 
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Figure 6.9.  Representation of the Cyclic Voltammetry for CNT fiber with 5% of PVA at scan 
rate of 5, 7, 10 and 15 mV/s. CVs are running before and after applying charges to the fiber for 
1 h in NaCl (1 M). 
It must be highlighted the important role of glutaraldehyde to reduce the nanotube creep 
in the fibers and to obtain significantly enhanced actuating properties. Figure 6.10 
shows the stress obtained in the electromechanical measurements done for CNT fibers 
with 5% of PVA which can recover showing a fast response. The stress follows the 
squared potential applied obtaining a ΔS of 1MPa which is a promising result.  
 
Figure 6.10. Actuating properties achieved for CNT fibers with 5% of PVA showing ΔS of 
1MPa. 
From isotonic measurements the creep is still observed in CNT fibers-5% PVA because 
the pre-load applied is too large. (See figure 6.11). But this creep is strongly reduced 
compared to other microfibers and CNT assemblies. It is observed a change in the 
elongation rate depending on the voltage applied (positive or negative) showing the 
same behavior as the fibers functionalized with PSE and crosslink with AP. 
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Figure 6.11. Isotonic measurements performed by the CNT fiber (5% PVA) when a pre-load of 
22.7 MPa (a) and 33.3 MPa (b) is applied. 
However, when a lower pre-load is applied this continuous elongation can be minimized 
(figure 6.12 (b)). So, when a positive voltage is applied the fiber contracts while under a 
negative voltage elongates. This is due to the actuating properties being the creep 
reduced.  
In figure 6.12 isometric measurements are also represented for CNTfiber-5% PVA 
showing a better response (ΔS is around 0.8 MPa) which can be constant during the 
time.  
 
Figure 6.12. Isometric (a) and isotonic (b) measurements for CNT fibers with 5% of PVA when 
a pre-load of 4 MPa was applied to the fiber. 
 
6.4  Conclusions 
In summary, we have described some strategies to improve the mechanical properties of 
the CNT fibers. We have demonstrated that the non-covalent functionalization of 
SWNTs of the fiber with PSE via π-π stacking with a subsequent crosslinking of the 
PSE with AP it is possible to bridge the SWNTs reducing the nanotube creep. The 
actuating properties obtained for these fibers have shown a stress difference of 0.4 MPa 
which can be enhanced till 0.75 MPa by incubating the fibers with double concentrated 
pyrenes. 
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On the other hand, the results found by CNT fibers synthesized with an exact 
percentage of PVA (5%) and cross-linked with glutaraldehyde show good actuating 
properties. In this case, the role of the glutaraldehyde must be highlighted for reducing 
the nanotube creep, for a fast actuating response and ΔS of 1MPa obtained. So, the 
fabrication of CNT fiber (5% PVA) and cross-linked with glutaraldehyde can be a very 
good alternative to have good actuators.  
Moreover, the isotonic measurements carried out in the case of using CNT fibers with 
cross-linked pyrenes or with 5% of PVA have demonstrated the continuous elongation 
of the fibers can be minimized when a lower pre-loads are applied observing a 
contraction of the fiber when positive voltage is applied while under a negative voltage 
there is a elongation of the fiber.  This behavior responds to the reducing of the creep 
achieved by this non-covalent functionalization. 
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General Conclusions 
 
Even though specific conclusions have been presented at the end of each chapter, the 
most relevant and global conclusions of the research described in this thesis may be 
summarized as follows: 
1. A general approach for depositing platinum nanoparticles onto carbon nanotubes 
in solution has been employed in order to evaluate the sintering process of these 
metallic nanoparticles at increasing temperatures in a carbon nanotube/silica-
templated confined space. The simultaneous dissolution and aggregation of NPs 
has been monitored by TEM showing a higher particle size as the temperature 
rises. The change in the size average distribution has been proved to move from 
an initial Gaussian shape to a long-normal fit operated by the Ostwald ripening. 
 
2. The tuning of the electrical conductivity and thermoelectric power in random 
networks of CNTs has been demonstrated by controlling the numbers of 
polyelectrolytes deposited onto the surface of CNTs before their filtration. The 
polymer-wrapping functionalization of CNTs and the subsequent Layer-by-
Layer assembly technique have allowed the control over the thickness of the 
polymer coating onto the CNTs. Thus, the number of polymeric layers will 
determine the nanotube-nanotube distance within the CNT-film. These CNT 
films could be used in the fabrication of plastic transistors where the polymer 
coating can act as a dielectric gate. 
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3. The development of synthetic strategies for the controlled deposition of 
magnetic nanoparticles onto carbon nanotube allowed the tuning of the electron 
transport properties in CNT films. The resistance has been shown to be lower in 
the networks with CNT-CNT interactions than with Pt-Pt and Ni-Ni interactions. 
The Seebeck effect has shown that the majority electron carriers in the CNT 
films are electrons or holes depending if spherical or dendritic Pt NPs are used 
for the formation of the Ni layer. The sample with CNT-CNT interactions and 
dendritic NPs has shown a magnetoresistance of 10% indicating that the electron 
transport is tuned by the presence of an external field applied. Both samples 
have shown a ferromagnetic behavior confirming the presence of nickel. 
 
 
4. CNTs have been used as scaffolds for the controlled growth of Ca-P crystals 
through a biomineralization process. It has been observed that Ca-P crystalline 
particles and sheets can be obtained in PBS fluid at short incubation times while 
an amorphous layer is produced in SBF. Additionally the growth of Ca-P 
crystals occurs from a Ca rich disorder interface formed onto CNTs during the 
first incubation steps. Furthermore, the important role of the CNTs as template 
for the nucleation and growth orientation of Ca-P crystals must be highlighted, 
making CNTs suitable for bone tissue engineering. 
 
5. The non-covalent functionalization of CNT fibers with cross-linked pyrenes and 
glutaraldehyde has been proved to be a good strategy for reducing the creep in 
the fibers. The CNT fibers with glutaraldehyde have shown satisfactory results 
when a low pre-load is applied to the fiber, showing a decrease in the elongation 
of the fiber and a decreasing in the creep. 
  
 
  
  
  
 
 
 
 
Resumen 
 
Síntesis y Caracterización de Nanocompuestos Híbridos 
Basados en Nanotubos de Carbono y Materiales Inorgánicos 
 
En este resumen se pretende ofrecer una visión global del trabajo que se describe a lo 
largo de los capítulos que conforman la presente tesis. En ella se ha llevado a cabo la 
funcionalización de nanotubos de carbono (CNT) con diferentes clases de nano-
materiales y la caracterización de las propiedades eléctricas, mecánicas y electro-
mecánicas de estos compuestos. Los materiales híbridos obtenidos en este trabajo 
presentan propiedades de interés por su utilidad en diversas aplicaciones.  
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Objetivo 
El principal objetivo de esta tesis se centra en la síntesis de compuestos híbridos 
nanoestructurados basados en nanotubos de carbono (CNTs) y en el estudio de sus 
propiedades eléctricas, magnéticas, mecánicas y electro-mecánicas. Tanto los CNTs 
como las pel culas y fibras formadas con ellos son utilizados como soportes “templates” 
para deposición de diferentes materiales orgánicos o inorgánicos, debido a sus 
excelentes propiedades intrínsecas; las cuales dependen de su estructura unidimensional. 
La funcionalización de CNTs con distintas clases de nanomateriales hace que estos 
nanocompuestos híbridos tengan propiedades adicionales, haciendo posible su uso en un 
amplio rango de aplicaciones. 
De esta forma, podemos dividir este trabajo en cuatro partes principales. 
El capítulo 2 se centra en la síntesis de materiales nanoestructurados de CNTs 
recubiertos con nanopartículas (NPs) de Pt y una capa de sílice homogénea, así como en 
el estudio del proceso de sinterizado de NPs a altas temperaturas. El proceso de 
sinterizado de nanopart culas responde a un mecanismo de “Ostwald ripening” que se 
produce en un nano-espacio confinado al estar encapsulado el nanocompuesto hibrido 
por una capa homogénea de sílice, la cual es estable a alta temperatura. 
El capítulo 3 se centra en la modificación de transporte eléctrico en películas de CNTs 
dependiendo del número de capas de polielectrolito (PE) depositadas en la superficie de 
CNTs. La combinación de la funcionalización no-covalente de CNTs con polímeros y la 
técnica de ensamblado LbL (capa-por-capa) permiten controlar el número de capas de 
PEs depositadas en la superficie de los CNTs. Las redes de CNTs son ideales debido a 
su fácil manipulación, que permite la modificación de propiedades eléctricas y del poder 
termoeléctrico. Así estas películas de CNTs podrían ser aptas para la fabricación de 
transistores plásticos en los que el recubrimiento de polímero puede actuar como puerta 
dieléctrica. 
El capítulo 4 describe las estrategias sintéticas de películas magnéticas de CNTs, 
destacando el control de transporte electrónico en dichas redes a través del material 
magnético. Los CNTs son primeramente funcionalizados con nanopartículas catalíticas 
siendo claves en la formación de material magnético. Estas películas híbridas combinan 
propiedades eléctricas y magnéticas haciendo que sean muy interesantes para su uso en 
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almacenamiento de datos. Las medidas de conductividad, efecto Seebeck y magneto-
resistencia realizadas permiten evaluar los fenómenos de transporte en tales redes. 
El capítulo 5 se centra en el uso de redes de CNTs oxidados como soportes para la 
nucleación de hidroxiapatita. Debido a su alta relación de aspecto similar a las fibras de 
colágeno y a su gran resistencia, los CNTs son buenos candidatos como material de 
refuerzo para su aplicación en ingeniería de tejido óseo. El proceso de 
biomineralización en CNTs se estudia con dos fluidos simulados, demostrando el rol de 
los CNTs en la orientación del crecimiento de cristales de Ca-P. 
El capítulo 6 describe la síntesis y la caracterización de microactuadores 
electromecánicos basados en CNTs. La elongación o contracción de los nanotubos de 
carbonos de una sola capa (SWNTs) ocurre como forma de respuesta a la inyección de 
carga de doble capa en la superficie de los mismos. Las diferentes funcionalizaciones de 
fibras de CNTs llevadas a cabo aportan mejoras en las propiedades mecánicas 
relacionadas con fenómenos de fuerza y relajación de los materiales estudiados. 
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7.1 Introducción 
7.1.1  Nanotubos de Carbono 
Los CNTs han generado mucho interés desde su descubrimiento
[1]
 debido a sus 
excelentes propiedades eléctricas, mecánicas y magnéticas. La estructura de un CNT se 
puede definir como una lámina de grafeno enrollada formando un cilindro hueco. 
Existen dos tipos de CNTs; nanotubos de carbono de una sola capa (SWNTs) y de 
múltiples capas (MWNTs). (Figura 7.1) 
 
Figura 7.1. Representación de SWNTs y MWNTs compuestos por una o múltiples capas de grafeno.  
 
7.1.1.1 Estructura de CNTs 
Los CNTs presentan una dominante hibridación sp
2
. Dependiendo de la dirección sobre 
la que se enrolla una lámina de grafito que viene dada por un par de parámetros (n, m), 
los CNTs se pueden clasificar como arm-chair (n = m), zig-zag (n = 0 o m =0) o quirales 
(cualquier valor de n y m) .
[2]
 (Figura 7.2)  
A mayores, los SWNTs pueden ser metálicos o semiconductores dependiendo de los 
parámetros (n, m).
[3]
 Todos los SWNTs con configuración arm-chair son metales (n - m 
= 3k) siendo k cero. En el caso de SWNTs zig-zag y quirales pueden ser metálicos o 
semiconductores. Se pueden comportar como semiconductores cuando k es un valor no 
nulo. Las singulares propiedades electrónicas de los CNTs se deben a su estructura 
electrónica unidimensional, la cual puede permitir una conducción balística teniendo 
lugar sin dispersión a lo largo del nanotubo.  
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Figura 7.2. Representación de SWNTs con distintas quiralidades: (a) configuración arm-chair, (b) zig-
zag y (c) configuración quiral. (Reproducido de la referencia 2). 
 
7.1.1.2 Síntesis de CNTs 
Los nanotubos de una sola capa (SWNTs) y de múltiples capas (MWNTs) se sintetizan 
por descarga con arco,
[4,5]
 ablación con láser
[6]
 o por deposición de vapor químico 
conocida por sus siglas en inglés como CVD.
[7,8]
 La diferencia entre la síntesis de 
SWNTs y MWNT es que la síntesis SWNTs se requiere el uso de un catalizador. Los 
métodos de descarga con arco y ablación con láser permiten obtener CNTs de alta 
calidad. Sin embargo, durante la etapa de síntesis de SWNTs y MWNTs se producen 
una gran cantidad de impurezas en forma de partículas catalíticas, carbono amorfo y 
fulerenos no-tubulares. Así, estas técnicas requieren un proceso de purificación de 
CNTs. Mediante proceso de síntesis de CVD es posible sintetizar MWNTs y SWNTs 
con pocas impurezas y a gran escala. De ahí que sea el más utilizado para la síntesis de 
CNTs. 
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7.1.1.3 Funcionalización de CNTs 
El mayor obstáculo para el estudio de las propiedades y para el desarrollo de productos 
basados en CNTs reside en su baja solubilidad que limita en gran medida su procesado. 
Debido a esto, la funcionalización de CNTs
[9]
 es una de las áreas que más interés ha 
despertado. Las principales estrategias desarrolladas para la funcionalización de CNTs 
incluyen la funcionalización covalente de defectos
[10]
 y paredes,
[11]
 la funcionalización 
no-covalente con surfactantes
[12]
 y polímeros
[13]
 y la funcionalización de la cavidad de 
los CNTs.
[14]
 (Figura 7.3) 
 
Figure 7.3. Posibilidades de funcionalización de SWNTs: (A) funcionalización de defectos, (B) 
funcionalización de paredes, (C) funcionalización no-covalente con surfactantes, (D) funcionalización de 
no-covalente con polímeros, (E) funcionalización del interior de SWNTs. 
La funcionalización covalente de defectos mantiene la estructura electrónica de los 
CNTs ya que los CNTs pueden tolerar un número de defectos antes de perder sus 
excelentes propiedades eléctricas y mecánicas. Por el contrario, la funcionalización 
covalente de las paredes de CNTs destruye las propiedades intrínsecas de los mismos ya 
que se pierde la hibridación sp
2
. Sin embargo la funcionalización no-covalente presenta 
la ventaja de preservar la hibridación intrínseca sp
2
 manteniendo intactas las 
propiedades de los CNTs. 
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7.1.2  Propiedades eléctricas 
7.1.2.1 Estructura electrónica de bandas 
Los materiales se pueden clasificar en aislantes, conductores o semiconductores según 
su estructura electrónica de bandas. (Figura 7.4). Los materiales aislantes presentan una 
gran separación (o gap) entre la banda de valencia y la banda de conducción evitando 
así el salto de electrones y con ello la conducción eléctrica. Los semiconductores 
presentan un gap pequeño, por lo que los electrones pueden saltar a la banda de 
conducción al ser excitados mediante una radiación exterior. En los materiales 
conductores, las bandas de valencia y de conducción están superpuestas de tal forma 
que los electrones se mueven libremente en el material, lo cual permite que estos 
materiales conduzcan siempre. 
 
Figura 7.4. Representación de la estructura de bandas de un material aislante, semiconductor y conductor 
en función de la posición del nivel de Fermi (EF). 
La presencia de otras especies dopantes en los semiconductores producen cambios en la 
estructura electrónica de bandas modificando sus propiedades eléctricas. Estos 
semiconductores se dividen en semiconductores tipo-P y semiconductores tipo-N si la 
mayoría de portadores de carga son huecos (p) o electrones (n) respectivamente. 
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7.1.3  Propiedades mecánicas 
Las propiedades mecánicas de un material se definen como la resistencia de un material 
a soportar un esfuerzo sin verse modificado. La curva de esfuerzo-deformación indica la 
deformación del material que puede ser: 
Deformación Elástica: Habilidad de un material para volver a su estado inicial una vez 
que cesa la fuerza. La relación entre esfuerzo y deformación es lineal y sigue la ley de 
Hook hasta llegar a un punto en el que la deformación es permanente.  
Deformación Plástica: La deformación plástica es una deformación que se mantiene 
una vez cesa la carga. Los materiales frágiles no presentan este tipo de deformación y 
sufren fractura.  
 
7.1.4  Propiedades magnéticas 
7.1.4.1 Materiales magnéticos 
Los materiales magnéticos se pueden clasificar como diamagnéticos, paramagnéticos, 
ferromagnéticos, ferrimagnéticos y antiferromagnéticos en función de su respuesta ante 
un campo magnético. Dicha respuesta se puede obtener de las curvas de magnetización 
(M) frente a campo magnético aplicado (H) (curvas M-H) y la capacidad que tiene un 
material a ser magnetizado se define como susceptibilidad magnética (). 
7.1.4.2 Propiedades magnéticas de nanopartículas 
El comportamiento de materiales magnéticos depende de la temperatura pero también 
depende del volumen del material. Cuando los materiales con múltiples dominios 
magnéticos (ferromagnetos) son más pequeños se alcanza un diámetro crítico donde el 
material se comporta como dominio único. Si el diámetro continúa decreciendo se 
alcanza un límite superparamagnético (SPM) en el que la energía térmica supera a la 
energía anisotrópica haciendo que los dipolos magnéticos estén orientados al azar. Las 
partículas SPM no poseen momentos magnéticos permanentes pero responden a la 
aplicación de un campo magnético externo. 
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7.2 Ostwald Ripening de nanopartículas de Platino confinadas en 
espacios cilíndricos en soportes de CNTs con sílice 
En este capítulo, se ha llevado a cabo el estudio del proceso de sinterizado de 
nanopartículas (NPs) de Pt en nano-espacios confinados. El proceso de sinterizado se 
refiere al crecimiento de tamaño de partícula que tienden a agregarse en nano-
estructuras más grandes.
[15]
 Así, se ha realizado la deposición de NPs de Pt
[16]
 sobre 
CNTs funcionalizados con un polímero cargado positivamente (PAH)
[17]
 y a 
continuación se ha crecido una capa de sílice encapsulando a los CNTs recubiertos con 
Pt (CNTs@Pt).  
 
Figura 7.5. Imágenes de TEM de CNTs homogéneamente recubiertos con Pt (izquierda) y encapsulados 
con una capa de sílica de 15 nm (derecha). (Esquema del proceso de deposición de NPs sobre CNTs). 
El proceso de sinterizado de NPs se ha alcanzado calentando los nanocompuestos s de 
CNTs con Pt y sílice a distintas temperaturas en atmósfera inerte. Se ha observado la 
obtención de estructuras huecas en las que los CNTs se han carbonizado y las NPs han 
aumentado de tamaño. (Figura 7.6). Se ha mostrado un aumento del tamaño de partícula 
a temperaturas altas de calcinación. Así, el tamaño de partícula varía de un estado inicial 
o Gaussiano a un tamaño de partícula regido por un mecanismo de ripening. 
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Figura 7.6. Imágenes de TEM de compuestos nano-estructurados basados en CNTs con Pt y recubiertos 
con sílica, calcinados a 550 ((a) y (b)) y a 800ºC ((c) y (d)). 
 
7.3  Recubrimiento de CNTs con polímero siguiendo la técnica de 
ensamblaje de multicapas: Modificación de la conductividad eléctrica 
en redes aleatorias.  
En este capítulo, la conductividad eléctrica y el poder termoeléctrico de películas de 
CNTs han sido modificados a través de la deposición controlada de multicapas de 
polímero sobre los CNTs.  
En primer lugar, se ha llevado a cabo la funcionalización de CNTs de forma no-
covalente con un polielectrolito positivo (PAH)
[17]
 sobre los que se han depositado 
distintas capas de polielectrolitos negativas (PSS) y positivas (PAH) siguiendo la 
técnica de ensamblado de multicapas.
[18]
 Una vez, que los CNTs se han sido recubiertos 
con el número de capas deseado se han obtenido películas de CNTs aleatorias siguiendo 
una estrategia de filtrado. El control de la distancia CNT-CNT dada por el número de 
capas de polielectrolitos depositados ha sido confirmado mediante microscopía de 
transmisión electrónica de alta resolución (HRTEM) (Figura 7.7) y SEM. 
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Figura 7.7. Imágenes de HRTEM de CNTs recubiertos con 1 (a), 2 (b), 3 (c) y 7 (d) capas de 
polielectrolito con un grosor de 1.8, 3.7, 6.4 y 12 nm respectivamente. 
En segundo lugar, se ha llevado a cabo el estudio de las propiedades de transporte en 
dichas redes. Así se han realizado medidas de poder termoeléctrico, curvas I-V y de la 
dependencia de la resistencia con la temperatura. Al aumentar el número de capas se ha 
observado un aumento de la resistencia a la conducción CNT-CNT (Figura 7.8). Así, el 
recubrimiento de polímero actúa como una barrera aislante o dieléctrico a bajas 
temperaturas mientras que a altas temperaturas la energía térmica sobrepasa dicha 
barrera y conduce. Este método de control de conductividad en redes de CNTs donde el 
polímero actúa como puerta dieléctrica puede ser explotado en la fabricación de 
transistores plásticos. 
 
Figura 7.8. Dependencia de la resitencia a bajo voltaje (RLV) con la temperatura en redes de CNTs 
recubiertos con 1 (cuadrados negros), 2 (triángulos rojos), y 3 (círculos verdes) capas de polímero.  
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7.4  Deposición controlada de nanopartículas magnéticas sobre CNTs 
para la modificación de las propiedades de transporte 
El control del transporte eléctrico en películas de CNTs es necesario para su aplicación 
en nano-dispositivos. Para ello se han fabricado films magnéticos de CNTs mediante la 
deposición controlada de NPs magnéticas de níquel en redes con interacciones Ni-Ni, 
CNT-CNT y Pt-Pt. El uso de NPs de Pt catalíticas ha sido necesario para la formación 
de una capa magnética. La presencia de Ni ha sido estudiada por microscopía de 
transmisión electrónica y de barrido (TEM y SEM respectivamente).  
Para el estudio del transporte eléctrico en las diferentes redes de CNTs se han realizado 
medidas de poder termoeléctrico, curvas I-V y se ha estudiado la dependencia de la 
resitencia (RLV) con la temperatura observando una mayor conducción en redes con 
interacciones CNT-CNT. A mayores, se ha llevado a cabo un estudio de las propiedades 
magnéticas de las redes observando un comportamiento ferromagnético. Las medidas de 
magnetoresistencia (MR) han mostrado valores coincidentes con los valores de MR 
mostrados por el Ni policristalino confirmando a la vez, la presencia de material 
magnético. Cabe destacar  la obtención de transporte eléctrico a través de electrones o 
tipo-N en redes de CNTs (interacciones CNT-CNT) con NPs esféricas observándose un 
comportamiento opuesto al obtenido en los demás films de CNTs. Esto abre nuevas 
posibilidades de aplicación de CNTs para almacenamiento de datos. 
 
Figura 7.9.  Imágenes de SEM de redes de CNTs con interacciones CNT-CNT con NPs esféricas ((a) y 
(b)) y dendríticas ((c) y (d)) (izquierda)  y medidas de poder termoeléctrico (derecha) de redes de CNTs 
con 1 capa de PAH (violeta), redes de CNTs con interacciones CNT- CNT (negro para NPs de Pt 
esféricas y dendríticas en rojo) y redes con interacciones Pt-Pt (verde y amarillo) 
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7.5  Modificación del proceso de biomineralización para el control de 
la nucleación del crecimiento orientado de cristales de Ca-P sobre 
CNTs funcionalizados 
Los compuestos de Ca-P y en particular la hidroxiapatita (HA) tiene mucho interés ya 
que son buenos candidatos para la regeneración de huesos.
[19]
 El principal problema que 
se debe a sus pobres propiedades mecánicas por lo que se necesita un material de 
refuerzo. Así, en este capítulo se han usado CNTs
[20]
 como soporte para el crecimiento 
de HA debido a sus excelentes propiedades mecáncas.  
 
Figura 7.10. Representación esquemática del proceso de biomineralización de HA sobre CNTs (arriba) e 
imágenes de TEM en la muestra de PBS (abajo). Se oberva la alineación de los CNTs (cuadrado b) y la 
orientación paralela de los critstales de Ca-P (cuadrado c). Las flechas indican los planos OCP con un 
dhkl de 6.41 Å.  
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Primeramente, se han oxidado CNTs y se han estudiado los procesos de 
biomineralización de HA sobre CNTs con dos fluidos distintos PBS (fluido búfer de 
fosfato) y SBF (fluido de cuerpo simulado) a 60ºC durante 24, 72 y 168 h. (Figura 7.10 
arriba). Se han observado cristales en forma de partículas y láminas en PBS  a períodos 
cortos de incubación mientras que en SBF  sólo se ha observado la formación de una 
capa amorfa.Los resultados de HRTEM (alta resolución de transmisión electrónica) han 
mostrado el importante rol de los CNTs en la nucleación y orientación del crecimiento 
de cristales de Ca-P durante el proceso de biomineralización. (Figura 7.10) demostrando 
así su uso como prometedores soportes para su uso en ingeniería de tejido óseo.  
 
7.6.  Fabricación de fibras de CNTs para su uso como actuadores 
electro-mecánicos 
La importancia de los actuadores electromecánicos reside en la capacidad transformar 
energía eléctrica en energía mecánica. Las excelentes propiedades eléctricas y 
mecánicas y la gran área superficial de CNT hacen que sean interesantes materiales para 
su uso como micro-actuadores.
[21]
 Debido a esto, se han fabricado fibras de SWNTs 
(nanotubos de una sola capa) siguiendo la t cnica de ‘wet spinning’[22] en la que los 
nanotubos están mayoritariamente alineados en una dirección. Para mejorar las 
propiedades mecánicas de las fibras de CNTs porosas se ha procedido a su 
funcionalización con distintos nano-materiales.  
Las medidas electro-mecánicas se han llevado a cabo en un dispositivo de tres 
electrodos inmersos en un electrolito donde la fibra de CNTs actúa de electrodo de 
trabajo y está conectada a un sensor de fuerza. Se han realizado medidas isométricas e 
isotónicas para estudiar la variación de la fuerza y la deformación de la fibra con el 
tiempo bajo la aplicación de un potencial. Se han observado resultados satisfactorios en 
las estrategias de funcionalización no covalente de las fibras al hacer que los SWNTs 
estén anclados unos a otros, prolongando la fuerza o stress con el tiempo una vez que 
cesa la carga aplicada sobre la fibra. La relajación de CNTs ha sido disminuida 
mejorando las propiedades  de fibras de CNTs para su uso como actuadores.  
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Figura 7.11. Representación de un dispositivo de tres electrodos conectado a un sensor de fuerza para la 
realización de medidas electro-mecánicas de la fibra de CNTs (arriba) y medidas isométricas (a) e 
isotónicas (b) de fibras de CNTs/5% de funcionalizadas con de forma no covalente con glutaraldehído 
(abajo). 
 
7.7  Conclusiones generales 
Detallamos a continuación las conclusiones generales de cada uno de los capítulos que 
conforman esta memoria: 
1. El método de deposición de nanopartículas (NPs) de Platino sobre nanotubos de 
carbono en disolución ha sido empleado para evaluar el proceso de sinterizado 
de estas NPs en espacios confinados que presentan las nano-estructuras de CNTs 
recubiertos con sílice a altas temperaturas. La disolución simultánea y 
agregación de NPs ha sido monitorizada por microscopía de transmisión 
electrónica (TEM) mostrando un aumento de tamaño de partícula con la 
temperatura. Se ha demostrado un cambio en la distribución de tamaños que 
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var an de una forma inicial  aussiana a un tamaño operado por ‘Ostwald 
ripening’. 
 
2. La deposición controlada del número de capas de polielectrolito sobre los CNTs 
antes de su filtración ha permitido la modificación de la conductividad eléctrica 
y el poder termoeléctrico en redes de CNTs aleatorios. Este control se ha llevado 
a cabo mediante la funcionalización no-covalente de CNTs con polímero y 
mediante la técnica de ensamblado capa a capa. Por último, se ha confirmado 
que el grosor del recubrimiento de polímero determina la distancia CNT-CNT en 
estas redes puede funcionar como material dieléctrico.  
 
3. El desarrollo de tres estrategias sintéticas ha permitido el control del crecimiento 
magnético de níquel en redes de CNTs con distintas interacciones. Las 
propiedades de transporte eléctrico han sido estudiadas observando una mayor 
conducción para las redes con interacciones CNT-CNT respecto las obtenidas 
con interacciones Pt-Pt y Ni-Ni. Las medidas de efecto Seebeck mostraron que 
la mayoría de portadores de carga en la conducción pueden ser agujeros o 
electrones si se usan NPs de Pt con forma esférica o dendrítica. Las redes de 
CNTs con Pt dendrítico mostraron una magnetoresistencia (MR) del 10% 
mostrando así que las medidas de transporte en CNTs están modificadas por la 
presencia de níckel. Ambas muestras mostraron tener un comportamiento 
ferromagnético confirmando la presencia de material magnético en dichas redes. 
 
4. Se ha demostrado el papel fundamental de los CNTs en la nucleación y 
orientación del crecimiento de cristales de Ca-P en los procesos de 
biomineralización estudiados. Se ha observado la obtención de cristales en 
forma de partículas y láminas en PBS (fluido búfer de fosfato) a períodos cortos 
de incubación mientras que en SBF (fluido de cuerpo simulado) sólo se ha 
observado la formación de una capa amorfa. Los resultados obtenidos muestran 
la posibilidad del uso de CNTs en ingeniería de tejido óseo.  
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5. La funcionalización no-covalente de fibras de CNTs con pyrenos y 
glutaraldehído han mostrado buenos resultados en la reducción del 
deslizamiento o ‘creep’ de nanotubos. La gran  porosidad, área superficial de 
estas fibras combinadas con sus propiedades eléctricas y mecánicas hacen 
posible su aplicación como actuadores electromecánicos. 
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